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SUMMARY

This report was developed as part of a program undertaken
by the Manufacturing Technology Directorate of Picatinny Arsenal
in recognition of the need for expanded design information per-
taining to structures supjected to blast environments due to
sccidental explosions within ammunition facilities. The purpose
herein is to provide facility designers with criteria and pro-
cedures for the design of steel structures and structural elements.
The rsport is intended to be used in conjunction with the ¢ri-
service design manual, "Structures to Resist the Effects of
Accidental Explosions” (T 5-1300), and the AISC "Manual of Steel
Construetion”.

Ti.e dynamic oehavior of steel structures, elemente and
connecti us is discussed and criteria for dynaaic plastic design are
vresenced, namely, design stresses, acceptable levels of inelastic
response, and maximum acceptable deformations, The criteria were
daveloped considering structural integrity, safety for persennel
and t_msitive equipment during the accident, and the post-accident
condition of the structure.

Detailed proceadurer are given for the design of steel
beams, pleates, columns sad hean~columms, together with special
requirements for blast doors, cold-formed steel roof and wall
panels, open-web jJoists and cotnections. The preliminary design
of multi-bay frames is tieated ia detail. A series of illustrative
design examples is preovidea.
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CONCLUSIONS AND RECOMMENDATIONS

The criteria and procedures presented in this report pro-
vide a rational basis for the mnalysis and design of steel
structures and structural elements subjected to a blast environ-
ment generated by a high-explosive detonation. The primary
emphasis is on structural steel applications for acceptor

structures located in the low to intermediate pressure level
range.

It is recommended that this material be implemented in the
blast-resistant design of structures within facilities for the
manufacture and storage of explosive materials.
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CHAPTER 1
INTRODUCTION

1.1 Background

Special procedures and criteria are necessary in the de-
sign of facilities for the manufacture, maintenance, modification,
inspection and storage of explosive materials in order to awvoid
mass detonations and explosion propagation in the event of an
accidental explosion and to ensure protection for personnel and
equipment. The basic design document in this area is the tri-
service manual, "Structures to Resist the Rffects of Accidental
Explocions” (TM 5-1300). This manual contains comprehensive in-
formation on the principles of protective design, the calculation
of blast loading, dynamic anzlysis and detailed procedures for
designing reinforced concrete protective structures and provides
a sound basis for facility design and review.

However, since T™ 5-1300 is directed primarily to the de-
sign of reinforced concrete, supplementary material is required to
treat in detail other structure types and materials of construc-
tion employed {n the design of modern ammunition facilities. An
important area where additional information ia needed is the de-
sign of steel structures and steel elementa. The Manufacturing
Technology Directorate of Picotinny Arsenal, as part of its over-
all Safety Enginesring Suppor: “rogram for the U.S. Army Armament
Command, has undertaken the preparation of this report with the
assistance of Ammann & Whitney, Consulting Engineers, in order to
f11l this need.

1.2 Objective and Scope

The basic purpose of this report is to provide ammunition
facility designers with criteria and procedures for the design of
steal protective structures parallel to the specific {aformation
on reinforced concrete structures presented in T 5-1300., In this
wvay, a ratiounal basis will be svailable for providing dlast pro-
tection through the use of structural steel for both close-in
structures and structures removed from the immadiate vicinity of
the blast.

This report has been prepared with the following generszl
guidelines:

(a) The report shall be consistent in philosophy and
format with IM 5-1300 with modifications as uecessary to
account for the particular requirements of stcel design.




Furthermore, it is assumed that this report will be used
in conjunction with TM 5-1300 by designers possessing
a basic familiarity with the contents of that manual.

(b) The detailed provisions for inelastic blast-resistant
design of steel elements and structures shall be consistent
with conventional static plastic design procedures as
presented in the AISC "Specification for the Design,
Fabrication and Erection of Structural Steel for Build-
ings" and wodified as required to account for blast load-
ing resulting from high explosive detonationa.

(¢) 1In all cases, the static provisions of the AISC
Specification represent a minimum requirement for conven-
tional dead and live loads. Moreover, it is presumed that
designers using this report are familiar with static
plastic design procedures for steel.

(d) With regard to the deauign and analysis of multi-
degree-of-fraedom steel frames, it is assumed that this
report will be suprlemented with an elasto-plastic frame
analysis computer program such as the Program DYNFA de-
veloped as part of this overall effurt for Picatinny
Arsenal by Ammann & Whitney.

(e) While material related to close-in effects is in-
cluded in this report, the primary emphasi, is on applic-
ations vhere the structure is located a distance from the
blast area.

In cases of low to intermediate blast pressures, the de-
sign objective 18 the protection of personnel and valuable equip-
ment or material, vhile at the same time providing an economical
solution; hence, in many cases, the designs will involve the use
of standard structural shapes and building components strengthened
to provide the required blast protection. It is felt that the
criteria and procedures provided in this report can be effectively
utilized to achieve cost-effective designs in these applications.

The procedures and criteria in this report have been de-
veloped based upon state-of-the-art information and data for the
behavior of stesl elements and structures under blast loading.
Hence, use of this material should lead to designs consistent with
the design objectives. Hovever, in order to account for normal
variations in material quality and workmanship and uncertainties
in the prediction of loadings, it is recommended that cthe charpe
veight be increased by 20 percent for design, as required in
™ 5-1300. Modification of this requiremeant for particular cases
should be approved by the cognizant ailicary construction agency.

9
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Generally speaking, the influence of conventional dead
and live loads can be neglected in blast design or in the evalua-
tion of the capacity of a blust-resistant structure. However, the
effect of such loads upon the available capacity for blast resis-
tance may be significant in the design of structures for relatively
low overpressures, e.g., less than 1,0 psi or in the evaluation

of the blast resistance of a structure designed for conventional
loads.

1.3 Format of the Report

This report is divided into chapters devoted to individual
topics related to the design of steel protective structures, For
the purpose of economical presentation, the directly applicable
material from ™ 5-1300 and the AISC Specification and Manual is
not repeated in this report. As far as possible, applicable
equations, design charts and tables, and commentary aaterial are
included herein by reference. However, a brief summary of the
information from TM 5-1300 which is applicable to this report ia
presented in the remainder of this chapter. The following sec-
tions contain a qualitative description of protective design con-
cepts and describe the calculation of blast loads, applications
of steel structures in protective design and the basic elements oi
the dynamic response calculations following the procedures devel-
oped in ™ 5-1300.

Chapter 2 describes the static and dynamic properties of
structural steels, outlines the basic philosophy and objectives of
blast design and presents recommended design criteria for various
typea of basic steel elements and frames.

In Chapters 3 and 4, detailed provisions are presented
for the plastic design of steel beams, columns and beam-columns
under dynamic load. Guidelines are given for treating unsyw-
metrical bending along with speclal consideration for blast doora,
cold-formed steel floor and wall panels, and open-web joiats.

Single-story, multi-bay, rigid frames and franes with sup-
plementary bracing are treated in detail in Chapter 5. A prelim-
inary design procedure is provided for this class of frames due to
their wvide usace in amsunition facllities.

Kecommendations for the design of connections are given in
Chapter 6. Structural steel connections are considered along with
the special requirements for coanections iavolving cold-formed
steel floor and vall panels,
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Chapter 7 contains detailed example problems covering the
design of besams, lateral bracing, cold-formed steel panels, open-
wab joists, columns and beam-columms, steel plate blast doors,
besms subject to unsymmetrical bending and the preliminary design
of a single-story, multi-bay rigid frame.

A series of charts used for determin'ng the elasto-plastic
resistance, stiffness and deflection for uniformly loaded two-way
slemants with various support conditions are given in Appendix A,
These charts supplement the material in Chapter 5 of T 5-1300.

The symbols used in the text are defined in Appendix B.

Appendix C presents examples of framing connections, struc-
tural details and blast doors used in structures designed for blast.

1.4 Protective Design Conceptes and Explosive Effects
1.4.1 System Components and Basis for Design

From the viewpoint of protective design, ammunition facil-
ities can be treated as being composed of three principal systems
as described in Chapter 2 of TM 5~1300. Briefly, thess systems
are:

(1) The Donor System vhich involves the source of the
potential hazard. The hazardous output consists primarily
of blast pressures; but in certain cirvcumstances, it {s
nacessary to coasider fragments.

(2) The Receiver System which represents the items which
say potentially receive the output of an explosive sccident
including perscanel, equipment and acceptor explosive
saterials.

(3) Tha Protectiva System vhich involves the use of pro-
tactive structures such as barriers and shelters or sepa-
rvation distance designad to provide the receiver with tha
required level of protection cousistent with economy and
the opersting requiremenats of the facilicy.

The design of the overall facility and 1ts fudividual
structures essantislly vequires that a balance bs achieved awong
functionsl and oparational requiremsnts, losding chavacteristics,
dyssmic respouse, structural cepacity, persoonel safety, equipment
and sxplosive sensitivity and economics. These various factors,
elaborated upon in Chapter 3 of TH 5-1300, theredy constitute the
constraints on the design and provide the hct;round and the basis
for the datailed deeign criteris.

.




The interaction between loading characteristics and struc-
tural reapoase upon the details of a design can be expressed most
efficiently in terms of the threes situations that can be encoun-
tered as a function of the proximity of the acrident to the struc-
ture together with the response characteristics of the structure
under design, namely:

(a) Close-in to the explosion - The designs are usually
impuise senaitive since the load duration, t;, is con-
aiderabliy shorter than the time required for the structure
to reach maximum response, tye

(b) Intermediate rases where aund t, are of the same
order of magnitude and the response of the structure to
both impulse and pressure must be considered.

() Structures removed from the location of the detona-
tion - The designs are charactexisticslly pressure-
sensitive due to load durations consideradbly longer than
the structural response time. An exception to this situs-
tion can be fraue structures vhich are flexible and there-
fore can reach their pesk response after the load duration,
even in the low pressure region.

Familiarity with these load-responae characteristics couy-
pled with a knowledge uf the structure's ability for absorbing
encrpy and undergoing deformation are important clements in the
design of protective structures. Other factors which must be
taken into account ip the wstabllstaent of the overall system de~
sign criteria include:

(a) Protection category - The type of protertive structure
required {a determined by this factor. Shelter structures
provide protection to personnel, equipment and sensitive
exploatves from primary and secondary fragments, blast
pressures, structure motions and the release of haravrdous
materials. Barrier structures provide for the contatnmsent
of the exploantion to the donor cell or for the prevention
of communicatioa of the detonation to other areas of the
faciliey.

(b) Recefver sensitivity - This factor dictates the maxi-
~ wum reaponse level consistent vwith the inherent vulner-
ability of the patticular receiver iteas vhich wst be
considerad, e.5., the seasitivity of personuel, equipeeat
and explosives to blast pressutes, wotiocns and (ragaernts.
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(c) Operating aud functional requirements - These in-
clude the functional and geometric characteristics con-
sistent with the operation of the faciliry and the desircd
post-accident condition of the structure, ranging from a
structure at incipient failure to a structure suitable for
reuse vithout sajor repair folloving the accident.

1.4.2 Explosive Effects

Basic to protective design is the capability of calculating
efficiently and accurately the anticipated output of an accidental
explosion in terms of the damaging effecta, principally biast pres-
sures and occasionally primary and secondary fragmsents, against
vhich the protective system must be Jesigned. Chapter 4 of TM 5-
1300 contains all the necessary denign data, in convenient form,
for defining the blast pressures and primary fragment character-
istics pertinent to conditions existing in explosive manufacturing
and storage facilities. The emphasis is upon blast cutput calcu-
latfons since it normally controle the design of either donor or
scceptor structures. However, since primsry fragments may in cer-
tain cases control, complete procedures for calculating the proba-
ble characteristics of the fragments resulting from the break-up
of the exploaive container are also necessary. The procedures in
Chapter 4 of T 5-1300 are completely applicable to the needs of
this report.

1.5 Steel Structures in Protective Design

1.5.1 QRehavior of Steel Structures and Elements

The economy of facility design generally requitcs that pro-
tactive structures be deaigened to perform fn the fuelsstic respoase
vange during an nccident. In order to fasure the structure's in-
tegrity throughout such severe conditions, the facilicy desiguer
wust be cognizant of the various possible fatlure wodes and theiv
foter-relationshipe. The limiting design values are dictated dy
the attaioment of inalamtic deflections and rorations wvithout com-
plete ccllapse. The awdunt of faelastic deformmtion is depeandent
oot only upon the ductilicy characterietice of the matarial, dut
#lso upon the intended use of tha structure followisg am accident.
Iu order for the structurte to malataiv such large deforwations,
steps wmust be taken Lo prevent premature faillure By sither bLricele
fracture or inatability (local or dverall). Cuidelioas and criteria
€or dealing with these effects are presented in the body of his
ceport.

By vay of f{urtber introductico to steel design for those
alteady familiar with the protective design procedutes of TN 5-1300,




some qualitative {ifferences betveen steel and concrete protective
structures and the impact of these differences upon the orientation
of this report are sumsarized briefly below:

(1) 1In close-in high-impulse design sftuations, a massive
reinforced concrete structure, rather than a sicel strue-
ture, is generally employed in order to limit deflections.

(2) 1a ceutrast to reinforced concrete structures sub-
jected to high-intensity loading and permitted to respond
vith large inelastic deformations, the principal emphasis
of this report fa upon steel acceptor gtructures located
far from the detonation. Due to the relatively lov pres- .
sure losding and the protection requirements for such ;
structures, the design objective is often reussbiiicty 4
folloving the accident.

(3) Steel structures and eleaents are counsiderably more
slender, both in terma of the overall structure and the
components of a typical memder cross-section. As a result,
the effect of overall and local instability upoo the ulti-~
mate capacity i3 an important consideration io steel design.

() The amoun: of rebound in concrete structures is con-
siderahly reduced by internal dsmping (cracking) and e
easzntially eliminated in casen vhere large deformationas
or incipient fallure are permitred to occur. In structural
steel, hovever, a lavger response iu rebound, up to 100
percent, can be obtained for a combination of short durs-
tion loal and a relatively iflexidle element. As a resulr,
steel structures reguire that special proviaione be uade
to sccount for extveme respoases of comparable magnitude
in both directions. '

(5) The treatoent of siress ianteraction i3 wmore of a con-
sidevat fon {n steewl zince cach element of the crosw-mection
sust be cunsideved sublect o & state of coabined stresses.
In refoforced concrete, the proviston of sepsrate steel
veinforcepent for flevuve, shesr snd tormion cnables the
datigner to cousider these stremses as being carcied by
more Or less independent dystemd.
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“{6) Special ¢wre must be taken in steel Jdesixn (o provide
for condectice integrity up to the polat of maxicvim ves-
pouae., For example, 10 crder o avold premamture brittle
fracture in velded connections, the valding characteristics
of the particular grade of steel mus: be considered and

the introducticn of any stress concentratiocns or aotihes
at the loint oust te avoided.
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1.5.2 Applicationr of Steel Structures

While the primary application of this report is for steel
acceptor-type atructures, it also spplies in the design of steel
components in donor structures., For examplc, blast doors and,
under certain circumstances, steel containment cells may be de-
signed using the guidelines in this report. For the most part, as
stated previously, the emphasis 1is upon structures removed from
the immediate vicinity of the detonation. These include typical
frame structures vith bheama, columns and beam-colusns composed of
standard structural shapes and built-up sections. Moreover, in
uany cases, the relatively lov blast pressures suggest the use

‘ § of etandard building components euch as open-web joiets, pre-

5 3 fabricated vall panele and roof decking strengthened and detailed

as required to carry the full magnituda of the dymamic loads an-

ticipated (so-called “atrengthened frangible construction”).
Another economsical application can be the use of entire pre-
engineered buildings strengthened lacally to adapt these designs
for lov-blast pressures (up to 2 pei) with short duration (less
than 10 us), For blast loadings with wmch loager durations, the
saxisum practical pressure level for the use of atrengthened pre-
enginesred buildings is about 0.5 psi.

1.6 Dynamfc Anslyais and Demign

1.6.1 General

The firat step in a dynsmic design eatsils the developwent
of a trial design consideriong facility reguirements, svailable
waterials and economy vith wambars sized by a simple prelistoary
procedure. The next step involves the performance of a dynamic
snalysis to determive the respoase of the trial design to the blast
and the comparison of the maximm ceapoose with the deforwation
limite mpecified tn Chapter 2. The final design ie then determined
by achieviog sn ecomsmical balance betvera stiffuess and reststance
‘ such that the calculated rasponse undey the Blast loading liea
# ' within the liniting valums dictated by tha operaticasl vegquiremsuts

1.6.1 Analvaie Procedures

The dynamic response calculation involves elther a single-
dejree-—of-freedom sralyeis using the respoase charts ia Chapter 6
of T $-1300 or, In more complex structures, & multi-degres-—of-
Ereedon calculation with the dymamic elasto-plastic frame program.

A single-degrea~cf-freedos snalyeis may be terforwed for E
the design ansiveis of either s given atructural element or of an ’




element for which a preliminary design has been performed accord-
ing to procedures in Chapters 3} and 4. Since this type of dynamic
analysis is described fully with accompanying charts and tables in
™ 5-1300, it will not be duplicated herein. In principle, the
structure or structural element is characterized by an idealized
dilinear elasto-plastic resistance function and the loading is
treated as an idealized triasngular pulee vith zero ris= time.
Response charts are presented in Chapter 6 of ™ 5-1300 for de-
termining the ratic of the maximum response to the elastic re-
sponse and the time to maximum vesponse for the initial response.
The equations presented for the dynamic reactions are also appli-
cable to this report.

Multi-degree-of-freedom non-linear dynamic analyses of
braced and unbraced rigid frames can be performad with the con-
putar program DYNFA, For single- story unbraced multi-bay frames,
the procedures in Chapter 5 provide a basis for preliminary de-
sign. The computer program is described in detail in the re-
port, "Analysis of Frame Structures Subjected to Blast Over-
pressures”, Manufacturing Technology Directorate, Picationy
Arsanal, Technical Report No. TR 4839, 1975, Unclassified.
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CHAPTER 2
DESIGN CRITERIA POR STZEL ELEMENTS AND STRUCTURES
2.1 Introduction

The mechanical properties of structural steel elements
are pi+sented in this chapter along with recommended dynamic de-
sign stresses and acceptidbie maximum displacements, and plastic
deformations.

Within the broad range of steels presently asvailable, the
structural steela for plastic design covered by the AISC Specifi-
cation are reviewed with regard to their use in protective struc-~
tures subjected to blast loads. The effects of rapidly applied
drpamic loads on the wachanical properties of steel as a struc-
+ural meterial are considered and these effects are related to
the response of the component alements of steel structures.

Desis corcepts for blast-resistant steel structures are
discusced in detail in order to provide the designer of modern
ammunition facilities with an overzll understanding of the dif-
ferent modes of failure of cteel structures and to caution him
agaianst sudder or premsture failures.

2.2 Decign Streuses for Steel Elements

2,2.1 Structural Steel

Structurel steel is k=own to be a strong and ductile build-~
ing saterial. The significant engineering properties of steel are
strangth expressed in terms of yield stress and ultimate temnsile
strength, ductility expressed in terms of percent elomgation at
rupture, and rigidity expressed in terms of modulus of elasticity.

Structural steel generally can be considered as exhibiting
3 lineav stress-strain relationship up to the proportional itmit,
vhich is either clese to, or identical to, the yfeld potnt. Be-
yond the yleld point, it can stretch substantially without appre-
ciable increase in stress, the smount of elongetion reaching 10 to
15 times that needed to reach yield, a range that is termad "the
vield plateau", Beyoud that range, strain hardening occurs, i.a.,
additional elongation is associated with an increase in stress.
After reaching a maximun nominal stress called "the tensile
strength", a drop in the nominal stress accompanies further elonga-
tion and precedes fracture at sn elongation (at rupture) amounting
to 20 to 30 percent of the specimen's original leagth. It is this
ability of structural steel to undergo sizable permanent (plastic)

u Preceding page blank
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deformations before fracturing, i.e., its ductility, that makes
steel a construction material with the required properties for
blast-resistant design.

Some high strength structural steels do not exhibit a
sharp, well defined yield plateau, but rather show continuous
yielding with a curved stress-strain relation. For those steels,
i+ is generally accepted to defime a quantity analogous to the
yield point, called "the yield stress', as that stress which would
produce a permanent strain of 0.2 percent or a total unit elonga-
tion of 0.4 to 0.5 percent. Such steels have, in general, a
smaller elongation at rupture and should be used with caution
vhen large ductilities are a prerequisite of design.

There has alvays bsen & continuous trend towards the pro-
duction of stronger and stiffer materials so that members can
carty more loade without substantial increases in material mass
and, therefore, cost. Steel &8s a matorial cannot be made stiffer
since its modulus of elasticity remsins essentially constant for
different types of steel and various loadings. On the other hand,
stronger steels in a wide range of yield points aund teamsile
strengths have been developed. Structural steels now available
may be grouped by strength and grade of steel as follows:

(1) Structural carbon steels
(2) High-strength lov alloy steels
(3) Quenched and tempered carbon steels, and

(4) Other steels, including quenched and tempered alloy
steels, proprietary steels and comstructional alloy steels
for special purpoges.

Earlier criteria and specifications for the design of steel
structures limited the use of plastic design to steels having a
specified minimum yield point not higher than 33 to 36 ksi. For
decedes ASTM A7 steel, with a specified minimum yield of 33 ksi,
vas the basic structural steel for buildings and bridges. ASTM
Al6, a low-cost carbon steel of structural quality with a yield
point of 36 ksi, introduced in 1960, combines improved weldability
and increased strength, and has replaced A7 steel in common prac-
tice. The limitation of plastic design to these relatively low
yield stresses vas due to the fact that most experimental verifi-
cation of provisions for plastic design contained in current speci-
fications had use! steels in that range of streagth.

12
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By 1965, the applicability of those provisions, with only
minor modifications, to high-strength low-alloy steels furnished
up to a specified yield point of 50 kai, had been established.

In addition, with the advent of ASTM Specification A572 in 1966,
further investigations vere undertaken which indicated the applic-
ability of the provisions for plastic design to all grades covered
by that standard. On the bamis of these investigations, the list
of these steels covered by ASTM standard specifications has been
increased accordingly.

Blast-resistant design is8 commonly associated with plastic
design sinces procective structures are generally designed with the
asgumption that they will undergo plastic deformations. Conse-
quently, the steels to be used should at least meet the require-
ments of the AISC Specification in regard to their adequacy for
plastic design.

The following is a 14ist of steels that are admissibie in
plastic design and that conform to ASTM specifications:

Structural Steel with 36,000 psi Minimum Yield
Point, ASTM A36

High-Strength Low-Alloy Structural Steel, A242

High-Strength Low-Alloy Structural Manganese
Vanadium Steel, ASTM A441

Structural Steel with 42,000 psi Minfmum Yield
Point, ASTM A529

High-Strength Low-Alloy Columbium-Vanadium Steels
for Structural Quality, ASTM AS572

High-Strength Low~Alloy Structural Steel with
50,000 psi Minimum Yield Point to 4 in. Thick,
ASTM A588.

Both A242 and A44]1 are available in three grades, 42, 46
and 50, with the thicker members available in the lower grades only.

A572 is available in six grades (42, 45, 50, 55, 60 and 65)
ag=‘. depending on thickness. Though all grades are acceptable for
plastic design, the designer of blast-resistant structures should
use caution vhen utilizing steels having a yield point above 55 ksi.
Due to the sensitivity of high strength steels to dynamic losding,
special attention should be given to connection details and welding
procedures in order to avoid notching effects and prevent premature
failure by brittle fracture.

13
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A588 comes also in three grades which were specially de-
veloped to provide heavier sections in high-strength steel. It
is particularly useful for plates up to & inches thick with a
yield of 50 kei.

2.2.2 Mechanical Properties under Dynamic lLoading

The effects of rapid loading on the mechanical behavior
of the steel material have been observed and measured in unfaxial
tensile stress tests. Under rapidly applied loads, the rate of
strain increases and this has a marked influence on the mechanical
properties of steel.

Considering the machanical properties under static loading
as a8 basis, the effects of increising strain rates are illustrated
in Figure 2.1 and can be summarized as follows:

(1) The yield point incresses substantially to the
dynamic yield stress value.

(2) The yield plateau incresses in range.

(3) The modulus of elasticity remains insensitive to
the rate of loading.

(4) The ultimate tensile strength increases slightly,
but the percentage increase it less than for the yield
stress.

(5) Tha elongation at rupture aither remains unchanged
or is slightly reduced.

In actual membars subjected to blast loading, the dynamic
effects resulting from the rapid strain rates may be expressed as
a8 function of the time to reach yielding. In this case, the
sechanical behavior depends on both the loading regime and the
response of the system which determines the dynamic effect felt
by the particular material.

For members made of A7 steel, studies have been made to
determine thea percentage incresse in the yield stress as a func-
tion of strain rate or, in other words, the time to reach yfelding.
For the purposes of this report, the ratios of dymamic to static
yield stress for A7 eteel are considered to apply equally well to
A6 steel.

Por primary structural elements and simple frames de-
signed to withstand low to intermediate pressure levels, the time
to reach yield ranges between .0l and 0.1 second. Tha dynamic

14
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OYNARNC INCREASZE FACTOR FOR A-T7 STEEL
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increase factor for these loadivg rates is about 1.1. However,
stesl elements, particularly elanants designed to withstand high
pressure levels, may have much smiller periods. The approximste
time to yield under dymamic loadiag for typical applications {s
in the range of approximstely 0.2 - 0.3 times the fundamentsl
period of vibration of the structure or mesber being loaded.

Using this relation, it follows that for structures with a period
of 0.1 second or greater, the ratio of dynamic to static yield
stress is 1.2; while for structures with a period of less than
0.1 second, a ratio greater than 1.2 is indicated. The data are
presented in graphical form in Figure 2.2 which shows a dynamic
imcrease factor of 1.3 for very rapid losding. From this diagram,
a8 value for the dynamic stress incresse factor can be determined
based upon the rate of strain corresponding to the response of
the structural element. The strain rate, sssumad to be a constant
value from zero strain to yielding, may be determined according
to the following relations:

€ = Ac/At = (Ao/E)/At (2.1)

For high-strength low-alloy steels, a limited numbev of
strain-rate tests show a flattening out of the dynamic yield in-
crease at higher strain rates. Por this reason, until more com-
plete data become available, increases above 10 percent are not
recommended for high-strength steels.

On the basis of the above, the dynamic increase factors
reacommended for use in dynamic design are summariszed iv Table 2.1.

TABLE 2.1 DYNAMIC STRESS INCREASE PFACTORS

Righ-Strength
Pressure Low-Alloy
Range A36 Steal Steels
Low to Interwmediate 1.1 1.1
Bigh 1.1 or a higher value as 1.1

deterained from tha actusl
strain rate (Figure 2.2)

2.2,.3 BRecosmanded Design Stressess

The yield point of steel under uniaxisl teneile stress is
generally usad as a base to determine yield stressss under other
loading states. Por isstance, the compressive yield otress of

steel 1s equal to Fy, the yield point in temsion. The shesr yield
otress is taken &8 equal to o.ssr,.
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To determine the plastic strength of a section under dy-
namic loading, the appropriate dypamic yield stress Fyy wust be
used. In general terms, l'dy = c¥y, whave ¢ is the dynamic increase
factor (Tadble 2.1) and Fy is the yield stress of the stesl.

The ASTM value of the yield point for a particular materisl
is a specified minimum value., It has been the practice in desigsn
for nuclear blast to use an average yield point which is generally
higher than the prescribed minimum. However, in the deaign of
steel structures for ammunition facilities, the probability of
occurrence of tha load at least once 18 quite high. 1In addition,
in many cases for operstional requirements, the structure is to be
reusable. These factors call for a wmore conservative approach;
therefore, it is recommended that the specified minimum value for
the yiald stress be used as a basis for computation.

It should be ncted that if the actual yield stress is
greater than that assumed in design, the member will, in fact,
exhibit s larger resistence leading to an increase in dynamic
reactions. Since the average yield stress is about 15 percent
higher than the minimum for A36 steels and about 5 percent for
high strength steels, one can anticipate a 10 percent possible
increasa in actual resistance. Bowever, because shear forces are
computed as a function of maximum resistance rather than by means
of dynamic resction, an adequate margin actually exists and could
compansate for any possibla increase.

To summarize, the dynamic yield stresa Fy, 18 to be equal
to the Jynamic incresse factor times the specified minimum vield
stress of the steel. The dynamic yielding streas in ahear, Fgy,
is takea equal to 0.55F3y.

Pay = <Py (2.2)

The dynawic yield stresses for rivets, bolts and welds
shall be taken equal to 1.87 times the allovadble stresses gpiven
in Pare 1 of the AISC Specification. This factor accounts for the
safety factor of 1.7 used in deriving these allovable stresses and
includes a dynamic increame factor of 1.1. By the same reasoning,
the tabulated working loads in Part & of the AISC Manual may be
iocreasad by a factor of 1.87 for use in dynsmic design.

17




2.3 Criteris for Ductile Mode Response

2.3.1 Introduction

Although plastic behavior is oot generally permissible
under service loading conditions, it is quite sppropriate for de-
sign vhen the structure is subjected to & severe dynamic loading
only once or at most a fev times durimg its existence. Under
blast pressures, it will usually be uneconomical to design a
structure to remain elastic and, as a result, plastic behavior is
notuslly anticipated in order to utilize more fully the energy-
sbsorbing capacity of blast-resistant structures. Plastic design
for flexure is dased on the assumption that the structure or mem~
ber resistance is fully devéloped with the formation of totally
plastified sections at the most highly stressed locations. To be
consistent vith the design assumptions, the actual structure
should de proportioned in such a manner as to assure ite ductile
behavior up to the limit of its load-carrying capacity. This mode
of behavior, based on flexural performance, wherein the structure
is peruitted to develop its full plastic capacity without pre-
mature impairment of strength due to secondary effects, such as
brittle fracture or instability, is termad “the primary or ductile
aode of response".

Another aspect of dynamic design of steel structures sub-
jected to blast loadings is the question of redbound. Unlike the
conditions prevailing in reinforced concrete atructures wvhere re-
bowmnd considerations are not of primary cooncern, steel structures
wvill ba subjected to relatively large strass reversals caused by
readound and will require lateral dracing of unstayed compression
flanges vhich vare formarly io temaica. Rebound {s wmore cricical
for membars supporting light desd loads and subjected to blast
pcessuras of short duration.

Yn this context, structural resistance is determined on the
basis of plastic design concepts, taking fnto asccouat dynamic yield
strength values. The design proceads with tha banic odjective that
the computed deformations of either the individual membars or the
structure as & whole, due to the anticipated bdlast loading, should
ba limfted to prescribed waximum values consistent with safety and
the deatvad post-accident conditioan.

Deformation criteria ars specified in some detsil for two
differeat levels of damage for scceptor-type structures located in
the lov to intarwediste pressure level ranges. The saximum defor-
wations specified for both categories are comsistant with msiantefn-
fag structural integrity iato the plastic rasge and with providing
safety for perscanel and equipment. The distinctiom between the
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two design categories pertains to the amount of deformation sus-
tained during the blast loading snd consaquently, the post-
accident condition of the structure.

Structures in the first category, 'reusable” structures,
are intended to sustain light damage such that they are reusable
vith only sinor repair. Permanant deformations can be tolerated
to the extent that they are compatible with future structural
safety and vith the intended function of the building, including
any sanufacturing cperations which interface vith the structure.

The second category includes structures designed to pro-
vide safety and structural integrity during the accident but
permitted to sustain mcderate to severe damsge. In this case,
however, the damage is such that the post-accident condition is
not compatible with future structural safety and the damage i
such that the repair work necessary to restore the structure would
be excessive. Such structures are, therefors, "non-reusable".

1z should be noted that a reusable structure will gen-
erally be non-reusable after being subjected to a second accident.
Consequently, if it is intended for a structure to be reusable
after more than twe accidents, the maximum deformation limits
specified in Section 2.3.3 should be reduced.

In any event, it is recognized chat the poat-accident
condition of any structure, hovever designed, will be thoroughly
evaluated on an individual basis prior to a decision vegarding its
suitabilicy for repair and veuse.

These design categories are not intended to cover the
severe conditions associated with a dosor structure or structures
located cloge~in to s blast. Ia such cases vhere the design
objective s the prevention cof explosion propagation or the pre-
veation of missile generation. the structure say be alloved to
approach facipient fatlure, and deforwations well into the stratn-
hardening vange way be parwitted for energy sbsorptican.

2.3.2 Deforsation Criteris - Generval

1o oyder to vestrict the smount of Jdamsge to & stucture
or elamant during the process of remisting the effectn of an
accideuntal explosion, limiting values must be sssizned to appro-
priate response quaatities. Generally spsaking, two differsnt
typer of values will be specifimi, nawely: limits on the level
of tnelawtic dveamic reescuse and limits on the maxisum deflec-
tions and cotations.
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For elements which can be represented as single-degree-of-
fresdom systess such as beams, floor and wall panels, open-wed
joists, and plates, ths appropriate quantities are taken as the
maximym ductility ratio and the sazisum rotation at an end support.
Yollowing the developmant in Section IV, Chapter 5 of T™ 5-1300,
the ductility ratio, u, is defined as the ratio of the mazisum
deflaction (X)) to the equivalent elastic deflection (Xp) corres-
ponding to the development of the limiting resistance on the
bilinear resistance diagram for the elament. Thus a u of 3 cor-
ressouds to a maximum dynamic response three times the equivaleat
elastic response. The saximum rotation at an end support, 9, e
11lustrated in Pigure 2.3(a). As shown, 6 ie the angle betwaen
the chord joining the ssaber ends and the chord joining the sup-
port and a poiot on the element vhere the deflection is & maximum.

In the detailed analysis of a frame structure, representa-
tion of the respounse by a single quantity ie not possible. Thie
fact combined vith the vide range and time-varying nature of the
ed conditions of the individual frame mambars makes the concept
of ductility ratio intractable. Hence, for this case, the response
quantities referred to in the criteria are the eidesway deflection
of each story asd the end rotation, 0, of the individual mambere
vith reference to a chord joiaing tha membar ends, as illuatrated
in Pigure 2.3(d)}. In sddftion, in lieu of a ductilfty ratio cri-
tarion, the ampunt of inelsatic daformstion ie reatricted by means
of a limication cu tha totsl rotation permitted for chase members
wvith the emsller span-to-depth ratica. For mesdera which ave oot
loaded batwean their ands, such ae an interior coluam, 0 {3 zero
and ogly the eidesvay criteria muat be zoasiderad. Thase responsa
quanticies, sidesvay deflection and end rotatioa, are pare of the
required output of the computer program DYNFA which was developad
to parform tha iselastic multi-degreec-of-fresdom anslyaie of frame
structures. Ihe designer can use this output to chack the stdeswey .
deflaction of each story and the waximum rotation at the end of
exch ssmder.

Section 2.).) preamits a summary of the desige cricveria
for the reusadle and usa-rausable design categories for besm ele-
wants, frames, plates, cold-formed floor amd well panale aad open-
web jolste. In the remainder of ihie sectioa, the criteris for
beass will be discussed in furthaer deteil.

In the case of lndividusl bLasw elaments where ductilicy
tatiocn a8 high as 20 ar2 observed at collapse, a maximue ductiiity
vatio of 3 for a reusadle structure is specified 1a ovder o 1fmit
damsge to a lewel for which repair is aconomically feasidle. ¥For
8 structure which is to be desigosd as sou-reusable after av geci-
deat, the structure can be permitted to deflect to a ductilsty
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ratio of 6. 1n addition, limiting support rotatlons of 1° and 2°
are specified for the reusadble and non-reusable cases, respectively.
These limiting rotations are assigned as reasonable estimates of
the asbsolute aagnitude of end support rotations consistent with

the objectives of the two design criteria levels as deascrided in
Section 2.3.1.

Figures 2.4(a) and 2.4(Dd) 1llustrate the interrelationship
betveen these limiting values of ductility ratio and support ro-
tation for the case of doubly svametric !~ and W-shaped sections
with F, = 16 kai and F, = S0 kei. These results show the variation
of the deflection-epan ratio versus the span-depth ratio for
simply-supported and fixed-ended beans. For each type of support
condition, curves for three ductility vatios are shown, namely:

= 1 Elastic design
u* 3 Limit for reussble msenbers

Le 6 Limit for non-reusable members

The limtte for saximum rotation are alsc indicated in terms of
the vatio 4/L, the ratio 1/114 = 0.00877 corvesponding to
9gax = 10 (veusable), and 1/57 = 0.0175 for &, = 2° (non-
reusable).

The usual design range for the L/d ratio varies from 10
to 30, the lacter conforwing to the AISC Specification guideline
that the waxisus L/4 ratio for Deams should not exceed a value
between 22 und 28 dependivg upon the end connections.

e o

For a given denign catepodry (rveusadle or non-reymable)
and particular support conditton, the lower of ehe two vpplicable
curwes, etther support rotation or ductilizy ratio will zovern ]
the desixn at & particular L/d value. lawpection of Figure Z.4(a), o
for Fy = 16 ket, Indicates that for simply-supported beama, the ' &
suppore rotstion xoverns the dewign cver the practical range of ' B
Lfd tor both desien categorien. In the case of fixed-end beams, !
the denigny ave 'imited by the ductility vatio criterion for L/d i
velues less than 19 and 17.% for the reusabls and non-reusable
categories, recpectively. OQualitatively, the wame observations
bold for beams with Fy = 30 ket as shown in Figure 2.4{b). As
vould be expected for this high-etrength ateel at the higher LS4
tatios, the maximm support rotatioas of 12 and I° rvestrict these
beams to relatively lower Quctility ratios as compated to the
ductility vatios for beams with F} = 36 kel.
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In the following section, the deformation criteria ara
summarized for frames, beams and other structural elements in-
cluding plates, celd-formed steel panels and open-web joists.

2.3.3 Summary of Deformation Criteria

(1) Bean elements including purlins, spandrels
and girts

(a) Reusable structures
Opax = 1° or Voax = 3, whichever governs
(b) Non-reusable structures
Bpax = 2° or u . = 6, whichever governs
NOTE: For doubly-symmetric beams subject to
bi-axial bending, more stringent criteria
are recomeended in Section 3.5.
(2) Frame structures
(a) Reusable structures
For sidesway, maximum §/H = 1/50
For individual frame members, 8., = 1°

NOTE: For Fy = 36 kei, 9,,, should be

reduced according to the following
relationship for L/d less than 13,

faax = 0.07 L/d + 0.09

For the higher yield steels,
Onax = 1° gowarns over the practical
range of 1/d values.

(b) WNon-reusable structures
For sidesway, maximm §/H = 1/25

For individual frame members, O 2©

max ©
NOTE: For Fy = 36 ksi, 64,4 should be

reduced according to the following
relationship for L/d less than 13,

25
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0-.x = 0.14 L/d + 0.18

For the higher yield steels,
8ax = 2° governs over the practical

range of L/d veluss.
(3) Plites
(&) Reusable structures
Bpax ™ 2¢ or Unax * 5, whichever governs
{(b) Non-reusable structures
- 0 -
0.‘x Y or Yaax 10, whichever governs
(4) Cold-formed steel floor and wall panels

(a) Reusable structures

Opax = 0.9° or Mpay ® 1.25, vhichever
goveras

(b) Non-reusable structures

Opax = 1.8° or Ugax ™ 1.75, whichever
governs

NOTE: A discussion of the behavior of cold-formed
panels ig presented in Section 3.7.

(5) Open-web joists
(a) Reusable structures
6max ™ 1° Or My, = 2, vhichever governs
(b} Non-reusable structures
Gmax = 2° or Vgax = 4 vhichever governs
NOTE: For joists controlled by maximum end

reaction, is limited to 1 for both
reusable and noun-reusable structures.

In the above:

Akt

Ogay ™ maximua member end rotation (degrees) measured
from the chord joining the member ends.
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6 = relative sidesway deflection between atories
H = gtory height

Yoax ” maximun ductility ratio (x./xE) for an element

L/d = span/depth ratio for a beam element
Finally, it should be recognized that the designer must be cog-
nizant of any operational requirements which, under certain cir-

cumstances, may override the deformation criteris summarized
above. !

2.4 Secondary Modes of Failure

In the process of designing for the ductile mode of failure,
it is important to follow certain provisiona in order to avoid
premature failure of the structure, i.e., to insure that the struc-
ture can develop its full plastic resistance.

These secondary modes of feilure can be grouped in two main
categories:

(1) Iostability wodes of failure
(2) Brittle modes of failure,

2.,4.1 Instability Modes of Failure

In this category, the problem of structural instability
at two levels is of concern:

(1) Overall buckling of the structural system as a whole
(2) Buckling of the component elements.

Overall buckling of framed structures can occur in two
essentially different manners:

(1) The load and the structure are symaetric; deformations
remain also symmetric up to a critical value of the load
for which a sudden change in configuration will produce
instant anti-symmetry, large sidesway displacement, and
eventually a failure by collapse, if not by excessive
deformations, This type of instability can also occur

in the elastic domain, before substantial deformation or
any plastification has taken place. It is called "in-
stability by bifurcation'".
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(2) The loading or the structure or both are non-gymmetric.
With the application of the load, sidesway develops pro-
gressively. In such cases, the vertical loads acting
through the sidesway displacements, commonly called "the
P-A effect", create second order bending moments that
magnify, in turn, the deformation. Because of rapidly
increasing diaplacements, plastic hinges form, thereby
de~: 2asing the rigidity of the structure and causing more
sidesvay. This type of instability 1is related to a con-
tinuous deteriloration of the stiffness leading to an earlv
failure by either a collapse mechanism or excessive
sidesvay.

Frame instability need not be explicitly considered in the
plastic design of one- and two-story unbraced frames provided that
the individual columns and girders are designed according to the
beam-column criteria of Chapter 4. For frames greater than two
stories, bracing is normally required according to the AISC pro-
visions for plastic design in order to insure the overall stabil-
ity of the structure. However, if an inelastic dynamic frame
analysis is performed to determine the complete time-hiatory
of the structural response to the blast loading, including the P-A
effects, it may be established, in particular cases, that lateral
bracing is not necessary in a frame greater than two stories.

As mentioned previously, the computer program DYNFA may be em-
ployed for such an analysis.

Buckling of an element in the structure (e.g., a beam,
girder or column) can occur under certain loading and end condi-
tions. Instability is of two types:

(1) Buckling of the member as a whole, e.g., lateral
torsional buckling.

(2) local buckling at certain sections, including flamge
buckliag and web crippling.

Provisions for plastic desipn of beams and columns are presented
in Chapters 3 and 4.

2.4.2 Brittle Modes of Failure

Under dynamic loading, there is an enhanced possibility
that brittle fracture can develop under certain conditions. Since
this type of failure is sudden in nature and difficult to predict,
it is very important to dimimish the risk of such premature
failure.
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The complexity of the brittle fracture phenomena precludes
a complete quantitative definition. As a result, it is impossible
to eatablish simple rules for design.

Brittle fractures are caused by a combination of adverse
circumatances that may include a few, some, or all of the
following:

(1) Llocal stress concentrations and residual stresses
(2) Poor welding

(3) The use of a notch sensitive steel

(4) Shock loading or rapid strain rate

(5) Low temperatures

(6) Decreased ductility due to strain aging

(7) The existence of a plane strain condition causing a
state of triaxial tension stresses, especially in thick
gusset plates, thick webs and in the vicinity of welds

(8) YNon-uniformly-distributed blast loads.

The problem of brittle fracture is closely related to the
detailing of connections, a topic that will be treated in a sepa-
rate chapter of this report. However, there are certain general
guidelines to follow in order to minimize the danger of brittle
fracture:

(1) Steel material must be selected to conform with the
condition anticipated in service.

(2) Fabrication and wvorkmanship should meet high stan-
dards, e.g., sheared edges and notches should be avoided,
and material that has been severely cold-worked should be
removed.

(3) Proportioning and detailing of connections should bde
such that free moverent of the base material is permitted,
stress concentrations and triaxial stress conditions are
avoided, and adequate ductility is provided.
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CHAPTFR 3
BEAMS AND PLATES
3.1 Introduction

The emphasis in this chapter is on the dynamic plastic
design of structural steel beams and plates. Desien data have
been derived fromw the static provisions of the AISC Specifica-
tion with necessary modifications and additions for blast desiun.
Since the basic theory of plastic design of steel members is
available in a number of the references to this report, this
material is presented with a minimum of commentary. It should
be noted that all provisions on plastic design in the AISC Speci-
fication apply, except as modified in this report.

The calculation of the dynamic flexural capacity of beams
and plates is described in detail in Section 3.2. In Sections
3.3 and 3.4, the necessary information is presented for deter-
mining the equivalent bilinear resistance~deflection functions
used in evaluating the basic flexural response of both beams
and plates. Also presented are the supplementary consideratioms
of adequate shear capacity and local and overall stability which
are necessary for the process of hinpe formation, moment redis-~
tribution and inelastic hinge rotation to proceed to the devel~-
opment of a full collapse mechanism.

In addition, design provisions for the followinp special
topics are included in this report: unsvmmetrical bending (Scc-
tion 3.5), blast doors (Section 3.6), cold-formed steel floor
and wall panels (Section 3.7) and open-web joists (Section 3.%).

3.2 Dynsmic Flexural Capacity

The dynamic flexural capacity of a steel section is re-
lated to its static flexural capacity by the ratio of the dynamic
to the atatic yfeld streases of the material (see Chapter 2).
Thus, :the ultimate dynamic moment resisting capacity of a steel
section is piven by

Hpu - dez (3-1)

wvhere F, 13 the dynamic yleld strength of the material and . is
the plastic section modulus. For standard I-shaped sections

(S, W and M shapes), the plastic section modulus is approximately
1.15 times the elastic modulus for strong axis hending and may be
ohtained from standard manuals on steel desinn. For plates or
rectanpular cross-section beams, the plastic section modulus is
1.5 times the elastic section wmodulus.

s Preceding page blank
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It is generally assumed that a fully plastic section offers
no additional resistance to lead. Additional resistance due to
strain hardening of the material is neglected becauses the strains
neceasary for this phenomenon to become significant cannot norwally
be tolerated. In blast design, although strains well into the
strain-hardening range may be tolerated, the corresponding addi-
tional resistance is generally not sufficient to warrant analytical
consideration.

Figure 3.1 shows the stress distribution at various stages
of deformation for a plastic hinge section. Theorctically, the
beam bends elastically until the outer fiber stress reaches F y
and the yield moment designated by My is attained [Pigure 3.1?;)].
As the moment increases above M,, the yield stress progresses in-
vard from the outer fibers of the section towards the neutral axis
as shown in Pigure 3.1(b). As the moment approaches the fully
plastic moment » 8 Tectangular stress distribution as shown in
Figure 3.1(c) 1s approached. The ratio between the fully plastic
woment to the yield moment is equal to the shape factor for the
section, i.e., the ratio 'ietween the plastic and elastic section
woduld.

Representative moment-curvature relationships for simply-
supported ateel beams and plates are shovn in Figure 3.2 In each
casa, the behavior is elastic until a curvature ¢, corresponding
to the yield wmoment 10 reached. With further {ncreale in load,
the curvature increases at a greater rate as the fully plastic
soment value, Hpu. is approached. Following the attainment of "puv
the curvature increasas vhile the moment remains constant at “pu'

For design purpnses, a bilinesar representation of the
nomsnt-curvature relationship is employed as shown by the dashed
lines in Figures 3.2(a) and 3.2(d). The pl.stic moment capacity
to be used in design, M, is assigned in recognition of the actual
nature of the transitioh between yield moment, q,. and the fully
plestic moment, N . Since a subatantial amount of plastic defor-
wation mst occur'before Np“ is attained, a reduced value of the
plastic design woment [NYl 1o Figure 3.2(a)] 1e defined for beams
vith moderate curvature (corresponding to design ductilicy cattos
less than or equal to 3). PFor larger amounts of plastic deforma-
tion (deeign ductility ratios greater than 3), the full value of
the plastic woment capacity (sz - “pu) may be used,

For plates and rectanguler cross-section beame [Figure
3.2 ). Np, is 50 percent greater than N, and the nature of the
transition from yield to the fully plastic condition depends upon
the plate geometry and end conditions. It s presently rzcommended
that a capscity midvay botween N, aad "pu be used to define the
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plastic design moment, M,, in all cases independent of ductility
ratio. The equivalent elastic curvature, ¢g, corresponds to the
development of the plastic moment capacity.

To summarize, the equivalent plastic moment shall de
computed a8 follows:

1. For beams with design ductility ratios leas than
or equal to ) and for plates and rectangular rross-
section beams with any design ductility ratio:

My = Fg (S + 2)/2# (3.2)

vhere 5 and 2 are the elastic and plastic section
modull, respectively.

2. For beacms with design ductility ratios greater
than 3 and beam columns:

Equation 3.2 is consietent with test results for beams
vith moderate curvatures and for plates. For beams vhich are
allowed to undergo large curvatures, Equation 3.3, based upon
full plastification of the section, ie considered reasonadle for
design purposas.

It 13 important to note that the above pertains to besns
or plates which are supported against buckling. Design provisions
for guarding against local and overall buckling of beaws during
plestic deformation are discussed in Sections 3.).4, 3.3.5 and
3.3.6.

In the analysis of structural steel meambers, it is as-
sumed that cthe plastic hinge formation {s concentratad at a sec~
tion. Actually, the plestic region extends over a certain leogth
that depends on the type of loading (concentvated or distridbuted)
and on the shape factor of the cross-saction., The extent of the
plastic hinge has nc substantisl influence on the ultimate capac-
ity: 1t haw, hovewver, an influence on the fioal magnitude of the
deflaction. For all practical purposss, the assumption of a cou~
centrated plastic hinge i adaquate.

‘Séi‘SQCtiOD stzji‘fdr - Eiccucclon of the effect of shear on the
svailasble momsut capacity for plates.
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3.3 Dasign of Beams and Continuous Beams

3.3.1 Resistance Functions

" The single~degree-of-freedom analysis vhich serves as the
basis for the flexural response calculation requires that the
equivalent stiffoess and ultimate resistance ba defined for both
bean elements and coatinuous beawms.

Formulas for determining the stiffness and resistance for
one-way steel beam elements are presented in Table 3.1. The
ultimate resistance values correspond to developing a full collapse
sschaniem fn each case. The equivalent stiffnesses correspond to
load-deflection relatiooships that have baen idealized as bilinear
functions vith initial slopes so defined that the areas wnder the
idealised load deflection disgrams are equal to the aress under
the actual diagrass at the point of inception of fully plastic
behavior of tha bean.

It is important to note that the data and discussioans in
™ 5-1300 on partial failure for concrete do not apply to steel
wvhere the fully plastic resistance is taken constant with an in-
crease i{n deflection of the baam.

The beam relationsahips for defining the bilinear resistance
funceion for multi-span continuous besms under uniform loading are
summarized below. These expressions are pradicated upon the forms-
tion of a three-hioge mechanfiam in sach span. Maximum economy
aorwally dictates that the span lengcha and/or mamber sizea be
adjusted such that a sechanisa forms simultansously in all apane.

It must be noted that the development of a mechanism in a
particular span of a continucus beam assumas compatible stiffness
proparties at the end supports. If the ratio of the length of the
adjacent spsus to the span belag constdered fe excemaive (uay,
greater than }), it may oot be possidle to veach the limit load

- without the beam failing by excassive deflection.

For uniformly~distributed loadicg on equal spsas or spans
which 4o wot differ in lemath by wore than 20 pevcent, the follow-

dng relationships can de used to defins the bilimsar resistance

function:
Tvo-span continsvous basm:
B, = r bl = 12 W /L (3.4)
% = 163 E1/L) (3.5)
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TABLE 3.1

OF BELAM ELEMENTS.

ULTIMATE RESISTANCE AND STIFFNESS

Mamber Uitimote Equivalent
And Flexural -lastic
Load Configurohon Resistance Stiffness
} M _ 384E]
rubL' 8.0 —-l-:‘- KE- -——5"‘—.5—
Mp 48 E1
R, = 40 - Kg = ———?—
Mp 160E1
'u b L - lao L KE - Ls
Mp 106 E1
R : =
N 6.0 C Ke 3
M
. P . 307€E!]
rybL = '6.0 - Kg = 5
| l M 192 E1
R H e K_= -
w2 ; R b L3
wbh M, '
(4 8E}
y . e, DL 2.0 K_=
§n:?:mx u — |%e 3
B s e g
) 3EL
_..a._J R, = — KE = 5

Where:

b = Wi OfF Conte:bulary Looding Ared
Mp = Plostec Moment {gpacity

6, * Yierats Resistonce pat Unit Ared

R, * Uitmate Tory' RQes.sionce
w = Logd per Un:i! Ares
W = Totsi Concentroted Locd
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Exterior span of continuous beams with 3 or wmore spans:
R, = rybL = 11.7!4,/1. (3.6)
Kg = 14381713 (3.7

Interior span of continouous beam with 3 or more spans:
Ry = T bL @ 16.0!1,i!. (3.8)
Kg = 300E1/1) (3.9)

For Jesign eituations which do not meet the required

conditions, the bilinear resistance function may be developad by

application of the basic procedures of plastic analysis.

3.3.2 Design for Flexure

The dssign of a structure to resist the blaat of an acci-
dental axplosion consists essentislly of the determination of the
atructural resistance required to liaii calculeted deflections to
vithin the prescribed maximun values (Section 2.3.3). In general,
the resistance and deflection may Be computed on the bhasis of flex-
ure provided thaz the shear capacity of the web is not exceeded.
Elestic atearing deformations of steel members are nepligible as
loog as the depth to apsn ratio is less than adout 0.2 and hence,
a flexural analysis is mormally sufiiclent for establighing wmaxi-
wms deflections.

An previcusly discussad, steel structures desigasd to re~
sist accidancal explosions vill generally respond efther to the
preswmire only or to the pressmure-tise relstionship wvhen they are
situated io the lov pressute aod fntersadiate preamire dasiga
canges. Steel structures in a high pressure design raage would
tead to respond wore to the impulse produced by the blose preés-
sures. PFor each case, the appropriate dymamic vespoase charts

aod equations for computiop the required resistance of che meahey

in cevms of the limiring deflection oy duwctilicy vattic are given
fo Chaprer 6, Sections 6.3 through 6.9, of M 5~1300. Ie eddi-
tion, Pizgure 1.3 pressnts the dynamic load factor snd time-to~

maxinum respoase chavts for lioeavly elastic systems.

To supplement the dats in Chapter & of TH 3-1300, Tadle
3.2 nives naturel periods of wibratlon of steel deans for saveral
eupport conditions. The foilowing expressica cam be usad %o de-
tarmnioe the astural period of vibratisn for any svstem for vhich
the total effective mass and ejuivalest elastic stiffness ia knowu:
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TABLE 3,2 EFFECTIVE NATURAL PERIOD OF
VIBRATIGN FOR ELASTIC BEAM ELEMENTS.

Member Period 1
w .
L ‘ 9
h o w*ﬁ _ _
% WC q 3
L8 — T =0. e L
‘L-L—,?—& =091 S El
w d ) l
& E T,=0.42 l?\f »
L] N g B
1 V‘F‘c £ W O |
WaN . b Y,,=0.61 L s
ez ¢
s —
) . [T
ib_____l _—j T“'-OL 28 O ‘*"‘—‘g i
W‘: - e —— o 7,7.
) : 3
et | wesd/ 3 &
Where:

w = Waught per uait tengih (IbZfR)
W, = Totgl cancentrated waight (i)
, L = Spon teagth {1} '
N ¢ © /ccelaration dus to grevity {32.2 1 Ascd)
‘ € sijodulus of elosticity  (pst)
Tz Momsat of iaertio  {15*)
T, 2 Eftfactive aotural pericd {sec)
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vhere M

total effective mass

Kg = Ry/%g
R, = ultimate total resistance

Xg = equivaleat elastic deflection

For preliminary design of beams and plates situated in low
or intermediate preasure ranges, it is suggested that the structure
be designed to have an equivalent static ultimate resistance equal
to 1.0 and 0.8 :imes the peak blast force for reusable and non-
reisable structures, respectively. Siunce the duration of the
loading for low to intermeciate pressure ranges will generally be
the same or longer than the period of vibration of the structure
and the ductility factor is usually at leest 3.0, revisions to this
preliminary desfgn from a dynamic analysis will usually not be sub-
stantial. However, for structures where the loading environment
pressure is such that the load duration is short as compared with
the period of vibration of the structure, this procedure may re-~
sult in a substantial overestimate of the required reaistance.

The rebound behavior of the structure must not be over-
looked. Procedures and data for calculating the elastic rebound
of structures are contained in Chapter 6 of TM 5-1300. The pro-
visions of Section 3.3.4, Local Buckling, and Section 3.3.%5,
Lateral Bracing, shall apply in the design for rebound.

3.3.3 Design for Shear

Shearing forces are of significance in plastic design pri-
marily because of their possible influence on the plastic moment
capacity of a steel member. At pcints where large bending moments
and shear forces exist, the assumption of an ideal elasto-plastic
stress-strain relationship indicates that during the progressive
formation of a plastic hinge, there 18 a reduction of the web area
availeble for shesr. This reduced area could result in an initia-
tion of shear yielding and possibly reduce the moment capacity.

However, it has been found experimentally that I-shaped
sections achieve their fully plastic moment capacity provided that
the average shear stregs over the full web area ie less than the
yield strese in shear. This result can basically be attributed
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te the fact that I-shaped sections carry moment predominantly
through the flanges and shear predominantly through the web.
Other contributing factors include the beneficial effects of
strain hardening and the fact that coabinations of high shear
and high moment generally occur at locations where the woment
gradiant is steep.

The yield capscity of steel beams in shear is given by:

vhere V, 1is the shear capacity, Fy, is the dynamic shear yleld
atrengtg of the steel (Section 2.2.3) and A; is the srea of the
veb, For I-shaped beams and similar fleikural members with thin
webs, only the web araa betweean flange plates should be used in
calculating A,.

For several particular load and support conditions, equa-
tions for the support shears, V, for one-way elements are given
in Table 3.3. As discussed above, as long as the acting shear V
does not exceed V., I-shaped sections can be considered capable of
achieving their full plastic moment. If V is greater than Vps the
veb area of the chosen section is inadequate and either the web
mist be strengthened or a different smection should be selected.

However, for casea vhere the web is being relied upon to
carry a sigairicant portion of the moment capacity of the sectiom,
such as rectangular cross-saction beams or built-up sections, the
influence of shear on the available moment capacity muet be con-
sidered as treated below in Section 3.4.3.

In order to avoid plastic shear deformationa in open web
joists and similar trussed structures, the computed maximum ten-
sile stress in the veb members should not exceed 90 percent of the
dynamic yield stress of the materisl, Wedb members in cowpression
mugst meet the requirements of Chapter 4. Design procedures for
open~web joists are summarized in Section 3.8.

3.3.4 Local Buckling

In order to insure that a steel beam will attain fully
plastic behavior and possess the assumed ductility at plastic hinge
locations, it is necessary that the elemants of the beam section
mset minimum thickness requirements sufficient to preveat a local
buckling failure. Adopting the plastic design requirements of the
AISC Specification, the width-thickness ratio for flanges of rolled
1~ and W-ghapes and similar built-up single web shapes that would
be subjected to compression involving plastic hinge rotation shall
not exceed the following values:
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TABLE 3.3 SUPPORT SHEAR FOR BEAM ELEMENTS.

Member Maximum

And Support

Load Configuration Shear
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Fy(ksi) ?f/th

36 8.5
42 8.0
45 7.4
50 7.0
55 6.6
60 6.3
65 6.0

where F_ 18 the specified minimum static yield stress for the
steel, gf is the flange width and t¢ 18 the flange thickness.

The width-thicknesas ratio of similarly compresgsed flange
plates in box sections and cover plates shall not exceed 190//F,.
For this purpose, the width of a cover plate shall be taken as the
distance between longitudinal lines of connecting rivets, high-
gtrength bolts or welds.

The depth-thickness ratio of webs of members subjected to
plastic bending shall not exceed the value given by Equation 3.12
or 3.13, as applicable,

4 = 412(1 - 1.4P ) when P_ < 0.27 (3.12)
S Py Py
_d = 257 vhen P > 0.27 (3.13)
ty JE; PY

where P = the applied compressive load

Py = the plastic axial load equal to the crossa-
s2ctional area times the specified minimum
static yield stress ?y

These equations for local buckling under dynamic loading
hiave been adopted from the AISC provisions for static loading.

However, since the actual process of buckling takes a finite

period of time, the member must accelerate laterally and the mass

of the member provides an inertial force retarding this accelera-
tion. For this reason, loads that wmight otherwise cause failure
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may be applied to the members for very short durations if they
are removed before the buckling has occurred. Hence, it is ap-
propriate and conservative to apply the criteria developed for
static loads to the case of dynamic loading of relatively short
duration.

These requirements on cross-section geometry should be
adhered to in the design of all members for blast loading. How-
ever, in the event that it is necessary to evaluate the load-
carrying capacity of an existing structural member which does not
peet these provisions, the ultimate capacity should be reduced in
accordance with the recommendations made in the Commentary and
Appendix C of the AISC Specification.

3.3.5 Web Crippling

Since concentrated loads and reactions along a short
length of flange are carried by compressive stresses in the web
of the supporting member, local yielding may occur followed by
crippling or crumpling of the web, Stiffeners bearing against
the flanges at load points and fastened to the web are usually
employed in such situations to provide a gradual transfer of these
forces to the web.

Provisions for web stiffeners, as given in Section 1.15.5
of the AISC Spacification, should be used in dynamic design. 1In
applying these provisions, F_, should be taken equal to the speci-
fied static yield strength o¥ the steel.

3.3.6 Lateral Bracing

Members subjected to bending about their strong axis may
be susceptible to lateral-torsional buckling in the direction of
the weak axig if their compression flange is not laterally braced.
Therefore, in order for a plastically-designed member to reach
its collapse mechanisa, lateral supports must be provided at the
plastic hinge locations and at a certain distance from the hinge
location. The distance from the brace at the hinge location to
the adjacent braced pointa should not be greater than I, as de-
terained from either Equation 3.14 or 3.15, as applicable:

ley ® 1375 4 25 vhen +1.0 > M > -0.5 (3.14)
Ty Fay %

lop ® 1375 when -0.5 > M > -1.0 (3.15)
T, F, M

y dy NP
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vhere = the radius of gyration of the member about

Ty
its weak axis

M = the lesser of the moments at the ends of the
unbraced segment

M = the end moment ratio, is positive when the
segment is bent in reverse curvature and
negative when bent in single curvature

Since the last hinge to form in the collapse mechanism is
required to undergo less plastic deformation, the bracing require-
ments are somevhat less stringent. For this case, in order to
develop the full plastic design moment, M, the following rela-
tionship may be used for wembers with dealgn ductility ratios
less than or equal to 3.

Uxg = | (02x10%,) /7y (3.16)
where l = distance between cross-sections braced

against twist or lateral displacement of
the compression flange

Iy = radius of gyration of a section comprising
the compression flange plus one-third of
the compreasion web area taken about an
axis in the plane of the web

Cp = bending coefficient defined in Section
1.5.1.4.6a of the AISC Specification

However, in astructures designed for ductility ratios
greater than 3, the bracing requirements of Equations 3.14 and
3.15 must be met.

The bracing requirements for non-yielded segments of mem—
bers and the bracing requirements for mesbers in rebound can dbe
deternined from the following relationship:

F = 1.67|2/3 - F,(Urp? [ (3.17)
1530n1o3cb
vhere F = the maximum bending stress ir the member,

and in no case greater than Py

When F equals F,, this equation reduces to the Z/rT requirement
of Equation 3.1b.
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Lateral bracing support is often provided by floor beams,
joists or purlins wvhich frame into the member to be braced.
Hence, in design, the unbraced lengths are essentially fixed by
the spacing of the purlins and girts and this given spacing must
be checked for lateral buckling. Since this spacing is usually
uniform, the particular unbraced length that must be investigated
will be the one with the largest moment ratio. For the same rea-
son, the spacing of bracing adjacent to the last hinge and in the
non-yielding segments of a member should be checked when the
spacing in these portions exceeds ...

When the compression flange is securely connected to steel
decking or siding, this will constitute adequate lateral bracing
in most cases. In addition, inflection points (points of contra-
flexure) can be considered as braced points.

Members built into a masonry wall and having their web per-
pendicular to this wall can be assumed to be laterally supported
with respect to their weak axes of bending. In addition, points
of contraflexure can be considered as braced points, if necessary.

In order to function adequately, the bracing member must
meet certain minimum requiremants on axial strength and axial
stiffness (ASCE-WRC Commentary on Plastic Design). These require-
ments are quite minimal in relation to the properties of typical
framing members.

Lateral braces should be velded or securely bolted to the
compression flange and, in addition, a vertical stiffener should
generally be provided at bracing points where concentrated vertical
loads are also being transferred. Plastic hinge locations within
uniformly loaded spans do not generally require a stiffenasr.

3.4 Design of Plates

3.4.]1 Rasistance Functions

Stiffness and resistance factors for one- and two-way plate
elements are defined i{n Chapter 5, Sections III and IV of ™ 5-1300
and by the supplementary charts in Appendix A. These factors,
originally developed for concrate elements and based upon elastic
deflection theory and the yield-line method, are also appropriate
for defining the stiffnees and ultimate load-carrying capacity of
ductile structural steel plates. In applying these factors to
steel plates, the modulus of elasticity should be taken equal to
29,000,000 psi. Tor two-way isotropic steel plates, the ultimate
unit positive and negative moments are equal io all directions;
i.e.,
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Mon " HNp "M "Mt M
vhere i2 defined by Equation 3.2, Since the stiffness factors
were derived for plates with equal stiffness properties in each
direction, they are not applicable to the case of orthotropic steel

plates, such as stiffened plates, which have different stiffness
properties in each direction.

3.4.2 Design for Flexure

The flexural design of a steel plate proceeds in essentially
the same manner as the design of a bean. As for beams, it is sug-
gested that dynamic load factors of 1.0 and 0.8 be used for the
preliminary design of reusable and non-reusable plate structures,
respectively. With the stiffness and resistance factors from
Section 3.4.]1 and taking into account the influence of shear on
the available plate moment capacity as defined in Section 3.4.3,
the dmamic response and rebound for a given blast loading may be
deternined from the response chacrts in Chapter 6 of ™ 5-1300 and
Figure 3.3. The recommended maximun deflections and support ro-
tations for plates are provided in Section 2.3.3.

3.4.3 Design for Shear

In the design of rectangular plates, the effect of simul-
taneous high moment and high shear at negative yield lines upon
the plastic strength of the plate may be aignificant. In such
cases, the following interaction formula describes the effect of
the support shear, V, upon the available moment capacity, M:

MM, = 1 - vV’ (3.18)

vhere is the fully plasti¢ moment capacity in the absence of
shear calculated from Equation 3.3 and V, i{s the ultimate shear
capacity in the sbsence of bending determined from Equation 3.1l
vhere the web area, A, is taken equal to the totsl crosa-
sectional area at the support.

For two-way elements, values for the ultimate support
shears are pregented in Chapter 5, Table 5-14, Sectjon V of T™
5-1300. Thase shears may also be used for steel plates. Howe
ever, the ultisste shearing stresses fiven in Section V for con-
crete elements are not applicable to steel.

It should be noted that due to the inter-relationship be-
tween the support shear, V, the unit ultimate flexural resistance,
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r,» of the two-way element, and the fully plastic moment resistance,
Hp. the deteraination of the resistance of steel plates considering
Equation 3.18, is not a simple calculstion. Fortunately, however,
the number of instances wvhen negative yield lines with support
shears are encountered for steel plates will be limited. Moreover,
in most applications, the V/V, ratio is such that the available

moment capacity is at least equal to the plastic design moment
for plates (Equation 3.2).

To summarize, if the V/V, ratio on negative yield
lines is less than 0.67, the plastic design moment for plates,
as determined from Equation 3.2, should be used in design. How-
ever, if V/Vp is greater than 0.67, the influence of shear on the

aviilable moment capacity must be accounted for by means of 1
Equation 3.18.

3.5 Special Provisions for Unsymmetrical Bending

The tera “unsysmetrical bdending" refers to a situation

vhere flexural members are subjected to transverse loads acting i
in a plane other than a principal plans. With this type of
loading:

1. The member's neutral axis is oot perpendicular
to the plane of loading.

L m s
o kD

2. Stresses cannot in general be calculated by _
weans of the simple banding formulas (Mc/1). ’

3. The bending deflection does nat coincide with

the plane of loading but is perpendicular to
the inclined neutral axis.

4. 1f the plane of loads does not pass through
the shear center of the cross-section, bending
is aloo sccompanied by twisting.

Doubly~-symmetric S-, W- and dox sections actiog as inadi-
widual beam elements and subjected to bi-axial beading, i.e.,
unsymsattical beanding without torsion, can be traated in tha
folloving manner. Tha iaclination of tha elastic and plastic
nsutral axis chrough the ceatroid of the saction can ba calcu-
lated directly from the following relatioaship (see Pig. 3.4):

tan o = (Iy/1,)ean ¢ (3.19)

where a = sagle between the horizontal prin-
cipal plane sand the neutral axzis
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¢ = angle between the plane of the load
and the vertical principal plane

and x and v refer to the horizontal and vertical principal axes
of the cross-section.

The e¢quivalent elastic secticn modulus may be evaluated
frow the following equation:

S = (5,5,)/(S,con0 + S s1ne) [3.20(a)}
vhere Sx = elastic section modulus about the x-axis

Sv = elastic sectior modulus about the y-axis.
The plastic section modulus can be calculated as the
sum of the atatic moments of the fully yielded elementa of the
equai cross-section areas above and below the neueral axis, i.e.:

ZeAm +Am, {3.20(b) !

NOTE: Atn[ - Atuz for a doubiy-
symmetric section

wheid A. = area of cross-section in conpression
Ag = area of cross-section in tension

W) = distance from neutral axis to the cen-
troild of the ares in compression

m = distence from neutral axis to the cen-
trold of cthe areca in teasion

With these vajues of the elastic snd plastic section
woduli, the desigs plastic soment capscity can be detetwmined from
Equation 3.2.

in order to define the etiffreun and bilinear resistance
function, 1t fs necessary to deterwine the elestic deflection of
the besm. Thie deflection war be calculeted by resolving the
load into componants acting in the principel planes aof the cross-
secticn. The elastic deflection, &, is cilculetad ss the resi-
eant of the deflect ions deterwined by siwple bending culculatices
in each alirection (see Fip. 2.4). fThe cquivaleat elastic deflec~
tion oa the bilinear tesistance fuaction, Xg. way then be deter-
wined by assusieg that the elastic stiffness is valld up to the
development of the desiga plastir moment capacity, L

S0




The bracing requirements of Section 3.3.6 may not be
totally adequate to permit a biaxially-loaded section to deflect
into the inelastic range without premature failure. For lack of
dats, the provisions of Section 3.3.4 on lateral bracing may be
used but the ductility racioe should be limited to !.5 snd 3.0
for the reusabie and non-reusable design categories, respectively.
In addition, as in Section 2.3, the total mewber end rotation
corrvesponding to the total deflection due to the inclined load
aust be limitad to 12 and 2° for reusable and non-reusable struc-
tures. The actual details of support conditions and bracing pro-
vided to such members by the other primary and secondary members ;
of the frame must be carefully considered to ensure that the J
proper coanditions exist to permit deflections in the inelastic :
range.

The inelastic behavior of sections subjected to unsym-
metrical bending, with twisting, $s not properly known at present.
Consequently, the use of sections with ihe rzsultant load not
aceinp chrough the shear center is not recommended in plastic
design of bdlast-resistant structures, unless the sections sre
torsionally constrained. In actual instsllatioms, bowever, the
torsionsl coonstraint offered to a purlin or gire by the flexural
rigidity of the floor, roof or uall panels to which it is attached
may force the secondary member to deflect in the plane of loading
vith litele or no torsjounal effects. Under such conditions or
vhen sowe other weans of bracing ia provided to prevent torsicosl
rotation ia both the loading and rebound phases of the response,
such unsywmetrically loaded members wmay be capable of performing
vell f{n the plastic vange. However, because of the limited datas
presently available, there is ilasufficient basis for providing
practical desigt puidelines in this area. Hence, 1f 3 case fun-
volviog unsywsetrics]l bendfng with tormfon cannot be avoided ia
desizn, the maximum ductilicy vatio should de limited to 1.0.

For uaccnstrained rovsion, a ductilicy ratto of 1.0 does
oot necessarily provide assurante of limited deforascicn. Unless
special preceuticas are takenm t¢ restrict the torsicasl-flexural
distorticns that can develop under unsysseteical loading with
toreion, the flexural capacity of the wmendber uay be sipnificantly
reduced.

Fortunately, 1o blast desigc, the zuader of situations
vhere unsysmeteical beadiag wight cause difficulty is vather
itmited and even vdere eacountered, it can be treated without
sertous econdmic penalty. Due to the fact that blast overptessure
loads act woruel Lo the asutrfaces of a structute, the use of doubly-
symmetric crosg-sections for purling and girks {e.g., hot-rolled
S-aud W-gections or coid-formed channels used back-to-back) is
gecerally recommtaded. In such cases, the deforwation critcria
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for flexural members in Section 2.3.3 apply. For other applica~-
tions such as built-up blast doors (Section 3.6), it is often
desirable to use single~channel section~. 1In thie case, the nec-
essary torsional restraint is actually provided by ths stesl
plates attached to one or both flanges. This fact, combined with
the short spans iavolved, peramits these sections to parform well
in the inelastic range.

The treatsent of the problem of biaxial bending in the
presence of axfial force vhich can arise in the design of rigid
frames for a quartering load on a rectasgular duilding is dis-
cussed in Chapter 5. Interaction equations for biaxis]l bending
ate pressuted in Chapter &.

3.6 Special Provisions for Blast Doora

Blast doosra can be groupad imto two main categories, i.e.,
pressure doors and fragment doors, and may aleo be listed as to
their method of opening:

1. Siagle-laaf

2. Doubdle-leaf

3. Vertical 1ift

4. Horizootal eliding

The first category, pressure doors, iucludes doors wvhich
miat resist diast preasures cnly. The second catepory, fragment
doore, iscludes doors vhich must rasist primscy frapmnt impact
fa addicion to blast preasuree. Blast door exposure to fxagmast
tmgact o 3 function of the door orientatfon to the source of an
explosion, the distance from the explosion and the nsture of the
donor source. Procedures for deflaing fraguest chavacteristice
acd for determining fvagment fuput effects oo coscrete barriare
ate given fa Chaptece & and 8, vespuctively, of ¥ 3-1300. In-
formation ou peaetration into steal plates is under deveiopmant
for Picationy Arssoal by Amsasn & Whitsey and will de presented
in the report “Primary Fragment Chavacteristics and Penetration :
of Steel, Concrete end Uther Materiale“, Waanfacturisg Technology i

Dicsctosate, Picatiany Aresenal. "3

There ere two typas of blast-door cobatruct.sa gensvally
used. The firet type ie & heavy steel plate whiles tié: second i
& dtli-vp door comsfsting of a relatively light outeide plate
supported by & channel frame. The choice of efther o plate dooy
or & builit-up Joot wuat ba basaed upde compatieon of th-ir relative
economy considering the particular blast pressure and ivagmes:

e b et h atindh el

2




inhz il ke aaancric A L M M SR I D A

uoop 3509 atetd (901§ 5'f dunbiyg

B —————

HOIM3iNI

WOl ILx%

"t
S § Na et R o S 7.*:, ¥
] 38 ] . ;

i #

i

Mﬁ 7
-

_ w

i -

fal e E

®OI141504 CIS01D INL W)
C38307 IWM O4 SMOISIAONG
HEIE TIIMM OMILVE IdO

P ) ,mx.
T ae

FWeyn -

]

Nn G AGE AR g, i

TR R AW M 2t Ao T M e v M e BE ek mk e v e
P

= E
U MRS
s
S

e Lg%

P
- o e ;L;rx_..n.\m DT AT s

A

o




environment along with any other factors such as insulation or
hardware requirements. Plate doors are used for both high (50 psi
and greater) and low pressure ranges and where fragment impact is
critical. For iower pressure range. (10 psi and less) where frag~
ment impact is not a problem, the use of built-up doors is a prac~
tical arrangement.

Figure 3.5 illustrates a typical plate blast door. The
direct load produced by the blast will be transmitted from the
door to the supports by bearing; while reversal action of the door
and the effects of negative pressure are transmitted to the door
supports by several reversal bolts aleng the vertical edges. The
reversal bolts eliminate the need to design the hinges for rebound.
On wider doors, reversal bolts may be placed on the top and bottom
door edges also, to take advantage of possible two-way action of
the plate. Additional blast door details are provided in Appen-
dix C.

Figure 3.6 depicts a typical built-up door. The peripheral
door frame is composed of channels with other horizontal channels
serving as intermediate supports for the door plate. All of the
channel sections and the plate are connected by welding. The mech-
anism for reversal loads is similar to that used for the plate
doors, except that the hinges usually are designed to serve as the
reversal bolts on one side of the door due to the lower magnitude
of the blaat pressures involved.

Tr= typical plate blast door is first sized for fragment
penetration, if any, and then is designed to resist the blast
pressures as a two-way plate with all sides simply-supported.
Design charts, equations and procedures are given in Chapter 5 of
TM 5-1300., Recommended design stresses and deformation limits
are listed in Chapter 2 of this report. The reversal bolts are
designed for the maximum rebound forces as determined from Fig.
6-8 of TM 5-1300.

For the built-up blast door, the exterior plate is de-
signed as a continuous member supported by the transverse channels.
In turn, e channels are ther designed as simply--supported mem-
bers, the upplied load being equal to the blast pressures on the
exterior plate, The vertical supporting channels are designed
for the rebound forces as are the hinges and reversal bolts. If
a backing plate is used, the plate should be designed for the
waximuum acceleration forces caused by the applied blast pressures.
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3.7 Special Provisions for Cold-Formed Steel Panels

3.7.1 General

Cold-formed steel panels are widely used in the construc-
tion of industrial installations and pre-engineered buildings as
roof and floor decking and wall siding. The behavior of these
panels differs significantly from that of hot-rolled structural
members due to the cross-sectional shapes, as dictated by the
requirements for economical mass production, and to the large
vidth-thickness and depth-thickness ratios of the thin plate ele-
sents which make up the cross-sections. For static design, the
AISI Specification for the Design of Cold-Formed Steel Members
provides the necessary design guidelinea. Consideration of the
blast-resistant capacity of such panels requires additional pro-
visions as summerized in this section.

Under static loading, it is known that the load~deflection
curve for cold-formed members is markedly noan-linear and strongly
dependent on the extent of local instability. Effective utiiiza-
tion of the bending properties of cold~formed sections is obtained
by accounting for the post-buckling strength of stiffened com-
pressed flanges. This concept, substantiated by numerous tests,
ia implemented in the AISI Specificationm.

Cold-formed panels are produced in either open sections
forming continuous corrugations, or closed sections consisting of
a flat sheet with a series of hat sections. Both types are pro-
duced with or without intermediate stiffeners depending on the
vidth-thickness and depth-thickness ratios as illustrated in Fig.
3.7. The amount of deformation that & specific section can de-
velop after reaching its maximum resistance depends on the width-
thickness ratio of the flange. For values of w/t < 40, the
behavior is "ductile" and strains several cimes those attained at
the onset of yielding are developed before failure. For larger v/t
and especially for values greater than 60, the load-carrying capa-
city may be reduced abruptly upon yielding of the most stressed
outer fiber. For an open cross-section, the descending curve is
unstable in nature; whereas for a closed section, the decrease is
more gradual, and a certain reserve capacity for energy absorption
may exist, enhanced by the catemary action of the flat sheet, as
illustrated in Fig. 3.8(b). PFor this reason, it is recommended
that cold-formed steel panels used in blast-resistant structures
be chosen from the closed type. Detsiled sketches of two typicsl
panel cross-sections are shown in Pig. 3.7(c).

As stated previously, the AISI Specification is based on
the recognition and utilization of post-buckling strength. On the
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other hand, due to the lack of sufficient ductility or adequate
rotation capacity, plastic design techniques are not presently
included in the Specification.

Plastic design is based on the proposition that & flex-
ural element continues to functjon with large deformations until
yielding has practically reached the neutral axis from both sides,
thus forming a plastic hinge. In that respect, normal plastic
design techniques are not directly applicable to cold-formed con-
struction. This is due to the fact that the width-thickness and/or
the depth-thickness ratios are generally greatly in exceas of the
limits imposed by the requirements for plastic hinge formstion and
developaent; and, in most practical cases, local inelastic buckling
of flanges or webs occurs first,

Successive formation of plastic hinges in a continuous
member or structure produces a redistribution of moments permitting
the utilization of the fuil capacity of wore cross-sections of the
member at ultimate load and results in a wore economical design.
Whereas tests have shown that hot-rolled members exhibit sufficient
plastic rotation capability and ductility to warrant the succes~-
sive formation of plastic hinges, this cannot generally be said
for cold-formed shapes. It is possible, however, to account for
& relatively more limited, but definite amount of plastic behavior
in these shapes.

At present, there is limited data on the load~deformation
response of cold-forwed sections. Consequently, it is impossible
to determine the exact nature and extent of moment redistribution
in a continuous member of that type. However, the concept of
limited ductility and partial redistribution may be adopted when
designing panels to resist blast overpressures, allowing for a
moderate shift in the elastic moment diagram, reducing the value
of max{imum bending moments at the supports with appropriate in-
creases for the moments in the spans.

Recent studies have shown that the effective width re-
latiouships for cold-formed light-gage elements under dyuamic
loading do not differ significantly from the static relationships.
Consequently, the recommendations presented in the AISI Specifi-
cation are used as the basis for establishing the special pro-
visions needed for the design of cold-formed panels to resist
pressure~time loadings. Some of the formulas of the Specification
have bean extended to comply with ultimate load conditions, and
to permit limited performance in the inelastic range.

Two main modes of failure can be recognized, one governed
by flexure aud the other by shear. In the case of continuous
members, the interaction of the two influences plays a major role

58




t ‘ t !
w
- ey — -~
2 = -~ s \\\
o (3
4 -
Unstable
X540
-!'— >40 ¢
DEFLECTION DEFLECTION

(a) BEHAVIOR OF OPEN SECTIONS  (b) BEHAWIOR OF CLOSED SECTIONS

(Stitfness Corresponding to I,,)

X Xn), Olnly Xi X, X
{(c) BILINEAR APPROXIMATION OF

RESISTANCE ~DEFLECTION CURVE
FOR CLOSED SECTIONS.

Figure 3.8 Load-deflection characteristics of
cold-formed,light-gage sections,

29




in determining the behavior and the ultimate capacity. Due to
the relatively thin webs encountered in cold-formed members,
special attention must also be paid to crippling problems. Ba-
gically the design will be dictated by the capacity in flexure
but subject to the constraints imposed by shear resistance and
local stability.

3.7.2 Resistance in Flexure

The material properties of the steel used in the produc-
tion of cold-formed steel panels conform to ASTM Specification
A446. This standard covers three grades (a, b and ¢) depending
on the yield point. Most commonly, panels are made of steel com-
plying with the requirements of Grade a, with a minimum yield
point of 33 ks{ and an elongation of rupture of 20 percent for a
2-inch gage leangth.

In calculating the dynamic yield atress of cold-formed
steel panels, it is recommended that a dynamic increase factor of
1.1 be applied irrespective of actual strain rate, and conse-
quently, the value to be used in design will be

Pgy = 1.1F, (3.21)

and hence, de equals 36.3 ksl for the particular case of a 33-kai
steel.

Ultimate design procedures combined with the effective
width concept are used in evaluating the strength of cold-formed
light-gage elements. Thus, a characteristic feature of cold-
formed elements is the variation of their section properties with
the intensitv of the load. As the load increases beyond the level
corresponding to the occurrence of local buckling, the effective
area of the compression flange is reduced; and as a result, the
neutral axis moves toward the tension flange with the effective
properties of the cross-section such as A, I and S, decreasing
wvith load increase. The properties of panels, as tabulated by
the manufacturer, are related to different stress levels: the
value of S referring to that of the effective section modulus at
ultimate, and the value of I related to a service stress level of
20 ksi. In the case of panels fabricated from hat sections and a
flat sheet, two section moduli are tabulated, s* and S~, refer-
ring to the effective section modulus for positive and negative
moments, respectively. Cousequently, the following ultimate
moment capacities are obtained:

Myp = FgyS* (3.22)

Myn = FyyS” (3.23)
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vhere Hup = yltimate positive moment capacity
for one-foot width of panel

M,y * ultimate negative moment capacity
for one-foot width of panel

It should be noted that in cases vhere tabulated sec-
tion properties are not available, the required propertics may
be calculated based upon the relationships in the AISI Design
Specification.

As for any single-span flexural element, the panel may
be subjected to different end conditions, either simply sup~-
ported or fixed. The fixed-fixed condition is seldom found in
practice since this situation is difficult to achieve in actual
installations. The simple-fixed condition is found, because of
symmetry, in each span of a two-span continuous panel. PFor
multi-span members (three or more), the response is governed by
that of the first span, which is generally characterized by a
simply-supported condition at one support and a partial moment
restraint at the other. Three typical cases can be therefore
considered:

1. Simply supported at both ends (single span)

2. Simply supported at one end and fixed at tha
other (two equal-span continuous member)

3. Simply supported at one end and partially
fixed at the other (£irst span of an
equally-spaced multi~-span element).

The resistance of the panel is a function of both the
strength of the section and the maximum moment in the member.
As stated before, woment redistribution is dependent on adequate
ductility in plastic hinge regions. Because of the limited duc~
tility of cold-formed elemants, the concept suggested here is
similar to the one adopted in reinforced concrete design, i.e.,
partial moment redistribution, wherein the design atarts with the
elastic moment distribution with further reduction of the maximum
negative momants at the supports, and appropriate increases
applied to the in-span moments.

A reduction of 15 percent in the negative moment at the
inner support of a two equal-span continuous panel is considered
acceptable vhereas only a reduction of 10 percent in the negative
wsoment of the inner support of the first span of a multi-span
(three or more) continuous panel is recommended. Using these
recommendations, the computed maximum resistances of a two-span
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or a multi-span panel become very close to one another, and for
simplicity, average values shall be uiaed to cover both cases.

Consequently, for design purposes, the following re-
sistance formulas are recommended:

1. Simply-supported, single-span panel

Tk iR R

ry = (8.0 ¥, )/12 (3.24) f

2. Simple-fixed, single-span panel or first
span of equally-spaced continuous panel

ry = (12.2 ¥ )12
or (3.25)
Ty = (10.1 M, ) /12

vhichever governsa, and where L is the resistance per unit length
of the panel.

As previously mentioned, the behavior of cold-formad
sections in flexure is non-linear as shown in PFigs. 3.8(a) and
3.8(b). A bilinear approximation of the resistance-deflection
curve is assumed for design. The equivalent elastic deflaction
Xg is obtained by using the following equation:

4
Xg = (Br L)/EL, (3.26)

vhere B is a constant depending on tha support conditions as
follows:

68 = 0.0130 for simply-supported elements

8 = 0,0062 for sfmple-fixed or
continuous elemsnts, and

qu = 0.75 Ig

vhere I,, is defined as the effective moment of inertia of the
section at a service stress of 20 kei. The value of I, is gen-
qrally tabulated as a section property of the panel.

Pigure 3.8(c) {llustrates the non-linear character of
the resistance-deflection curve and the suggested dbilinear ap-
proximation. X; 10 defined as the maximum deflection at maximum
resistance, and X, is the ultimate deflection after the drop in
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load-carrying capacity. Based on experimental evidence, the ratio
of X)/Xy has been estimated o range between 2.0 and 2.5. The
amount of plastic deformation which is acceptable in design will
vary in magnitude depanding on the reusadility or non-reusability
of the panel after an accidental explosion.

The extent of plastic behavior is expressed in terwms of
a ductility ratiou = R.IXB. In Pig. 3.8(c), (X,), and (X))
designate the maximum deflectiono for reusable and nou-rounglo
elements, respectively. According to the criteria in Section
2.3.3, the following design ductility ratios are recommanded:

ue (&)‘,Ilg = 1,25 for reusable
and (3.27)
ue (X.)“/xz = 1,75 for non~reusabdle.

These values represent reasonable estimates of the actual capa-
city of the member to undargo limited plastic deformatioos. The
maxisum displacemsnts are kept below the deflection corrvesponding
to maxisum resistance in order to pravent any serious impairment
to ths element. Furthermore, the area beyond (t.)Il and the des-
cending curve, up to complete loss of carrying capacity is con-
sidered a reserve capacity for energy absorption and a safeguard
against total collapsas.

In addition, in order to restrict the sugnitude of ro-
tation at the supports, limitations are placed on the maxisum
deflections, namely:

(K@) = W10 or 8y, = 0.9°
(3.28)
(Xa), = L/65 or 8,  * 1.8°

for rausable and non-rsusable elemeuts, respactively. The valuas
for waximum rotations of cold-formsd panels are less than those
recommanded for hot-rolled sections dua to the experimsutal obser-
vation of small deflectiocns at failute for that type of elamsnt.

When performing a one-degrec-of-frasdom analysis of the
panel ‘s bahavior, the proparties of the equivalent systea can be
svaluated by using a load-wuams factor = 0.74 which 1s an
average value applicable to all support conditions. The natural
period of vibration for the equivalent siangle-degree system {s
thus obtained by
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Ty = /0 76l/kg  (3.29)

vhere s = v/g is ths unit mass of the panel and Kp = r,L/X; is the
sguivalent elastic etiffness of tha syetem.

The problem of rebound should be considered ip tle desipgn
of decking due to the differsnt section propertias of the panel,
depending on whether the hat section or the flat sheet is in cow~
pression. Pigure 1.9 presents the maximum elagtic resistance in
rebound as a function of T/Ty. In the practical design range,

1/T,, is generally larger than 1.0, and hence, the required elastic
resistance in rebound vill be less than 0.7t‘u. Most decks have
section properties that will provide an elastic resiatance in re-
bound at least equal to this value. Howewer, for the fawv cases
vhere the actual resistance of cthe deck in rebound will be sasller
than that indicated on the chart of Fig. 3.9, plastic behavior in
rebound must be considered and checked against the design criteria.
While the behavior in rebound does not often coatrol, the desiguer
should be aware of the problem. 1n any event, there is a need for
providing connectors capable of resisting up~1lift or pull-out
forces due to load reversal in rebound.

In conclusion, due to the limited amount of experisental
Jdata available on the performance of cold-forwmed, light-gage ele-
ments in the inelastic domain, the overall level of confidence io
the design of that type of element 1s considered to be lower than
that of hot-rolled sectiona. Rather than alter the basic design
criteria on this count, it {s recommsended that the peak pressure
of the pressure-time loading obtained from IM 3-1300 shall be
multiplied by an iacrease factor of 1.1 for ths design of the
panels oaly.

3.7.3 Resistsénce in Shear

In cold-formed ateel construction, the deafgoer ia faced
vith sowevhat different problema from those sncounteced ia hot-
rolled wesbers since weabs with b/t values fn excass of 60 are
common and, at the same time, the fabrication procees makes it
impractical to use stiffenera. The design wed scresses mel
therefore da limitad to insure adequate atabilicy without the aid
of stiffensrs, thereby preventiag pramature local wed fatlure
and the accompanying lose of load-carcryiag capacity.

The posasdbilicy of wed buckling due to bending stresses
existe and tha critical bandiag stress is givexs by

Fop = 640,000/(h/t)? < B, €3.38)
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Zquating P.. to 32 kst (e miress close to rthe vielding of the
material), a value of h/t » 14l s obtatced. Since it ts known
that webs do not sctuslly fall at these theoretical bduckliag
sttesges dus to tha developmsnt of post~buckling etrength, it can
be safely assumed that webs with h/t < 150 will not be suscep-
tible to flexural buckling. Moreover, since tha AISI recommenda-
tions presceiba a limit of h/t « 150 for unstiffensd vads, . his
type of wb fnstability need cot be considered in design.

Panels are penerslly msnufactured in geometrical pro-
portions vhich preclude veb-shear problema vhen used for recom-
aanded spans snd sinimux support-bearing lengths of 2 to 3 inches.
Ic blast design, however, because of the preater inteasity of the
loadtng, the increase in required flexural resistance of the
paaels calis for shorter spans. As & result, the problem of shear
reaistance is magnifisd snd requires special treatment.

in maost cases, the shear capacity of a wed is dictated
hy f{astsbiiity due to either:

a. Simple shzar stressas, or
b. Gombined bending and chearing stresses.

For the case of simple shaar sgcreases, as encountered at
an end support, it s importsnt to distinguish three raunges of
behavior depanding cn the magnitude of hft. For lavge valuea of
h/t, the maximcm shear siress fs dictated by the elastic buckling
in shear; for iotermediate W/t values, the inelastic ouckling of
the vebs goveruns; wheveas Sor very amall values of hig, local
tuckliting will not accur and tatlute wiil de caused by yvielding
produced by shasr atreswses. The provieions of the AISY Specifi-
catfor in this erea are daxed su & xafety fectar rauvgiog from
1.43 te 1.6? depending wpor bfs. For hlsst-resistant {esign, the
recommendad deeign atvesses for oimple ahear are dased on an ex-
tension of the AISI provislons to cowply with: uvitimste iosd con-
ditioas. The specific equaticas f{or use in design ste summavrized
fo Tedble J.aia).

At the laterior supports of contfoudys pagele, Migh
bending mcwments couwbine with large shesr forces. and webs muat be
checkad for buckiion dur v combiued bendiag and sheax. The ia-
tersction formuls preseated in the AISE Sssciffcetfon is given
in toree of alluveble stresses rather than crittcal attessea vhich
broduce bucklier. [o order to gdapt this intersciion fsrwmls to
citisste Joad condiciome, the probles of inelsstic buckitar under
coubinel streeses Mee baen cousfdered inm tbe develcpment of the
vecowmsexiod deeign data.
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In order to minimize the amount snd complexity of dealgn
calculations, the sliowable dynamic desigv shear stresses at the
faterior support of & continuous member have baen computed for
different depth-thickness ratios and tabulsted in Table 3.4(b).

TABLE 3.4

DYNAMIC DESIGK SHEAR STRESSES FOR WEBS
OF COLD-FORNED MEMBERS (Fy « 33.0 ¥&SI)

(a) Simple Shear
(h/t) < 63 Pyq, = 0.50Fy, < 18.0 kel
63 < (b/e) £ 93 g, = (190/F; )/ (h/¢)
« (1.16 x 103)/(b/t)
93 < (b/t) < 150 Fy, = (1.07 x 10°)/(a/e)?

{d) Combined Bending sud Shear

[.743) Fgy(ka1)
20 9.00
30 8.95
40 8.85
50 8.75
60 8.6%
10 8.50
80 8.30
90 8.10

100 1.85

110 7.60

120 7.30

In addizion to ahear problems, congeatrated loads or re-
sctions at panel supports, spplied ower relativeiv short lengths,
can pyoduce loud intensities that can cripple wmatiffened thia
veba. 4s stated ‘n the cowmentayry of the AlSE Specification, s
thaoretical saslyeis of the pheacmencn ¢ wedb crippling is ex-
tremely cosplex 2ince ft iavoives elantic snd inelestic instabilice
wader moa-ynifarn streas diesribution, combined with locel ylelding
1n the faswdiate reglon of (osd appiicatioe. The AISI recomménda-
1icas Rave sesn developad by Yelating sxtensive experimental data
to aervice losds with a safety factor of 2.2 which was estadlished
taking fotc acoount the scatier §n the dats. For blast design of
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cold-forued panels, it is recommended that the AISI values be sul-
tiplied by a factor of 1.50 in order to relate the crippling loads
to ultimate conditions with aufficient provision for scatter in
test dets.

Since it has besn recommended that closed section panels
(f15t sheet aud hat sections) be used, only those equations per-
taining to webs restrained frowm votation wiil be considered.
Using a vield stress of 33.0 kei and the factor of 1.50 mentioned
above, the ultimate cripp'ing loads are given as follows:

a. Acceptable ultimate end support reaction
Q = 49.5c2¢4.44 + 0.558/K/t)  (3.31)
b. Acceptable .ate interior support reaction
Q = 49.50%(6.66 + 1.446vK ) (3.32)
vhere Qu = uyltimate support reancion
N = bearing length
t = web thickaess

The charts in Figs. 3.16{(a) and 3.10(b) present the
variation of Q, as a function of the web thickness for bearing
leagths from 1 to 5 inches, for end and interior supports, re-
spectively. It should be noted that the values reported in the
charts relate to one web only, the total ultimate veaction being
obtained by multiplying Q, by the number of weba in the panel.

Tn design, the maximum shear forces and dynamic raactions
are computed as & function of the mazximum resistance in flexure.
The ultimate load-carrying capacity of the webs of the panel must
then be compared with these forces. 48 a general comment, the
shear capacity is controlled by simple shear buckling or web arip-
pling for simply-supported elements and by the allowable design
shear stresses at the interior supports for continuous panels,

In addition, it can be shown that the resistance in shear
governs only in cases of relatively very short epans., If a design
is controlied by shear resistance, it is recommended that another
panel 'e selected since a flexural failure wmode is generally pre-
ferred However, for axisting installations that are to be checked
for their structural strength in a certain pressure range, the
maximum registance of the panel may be determined by either flex-
ure or shear, whichever controla.
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3.8 Special Provisions for Open-Web Steel Joists

3 Open-web joists are commonly used as load-carrying men—
bers for the direct support of roof and floor deck in buildings.
The design of joists for conventional loads is covered by the
“Standerd Specification for Open Web Steel Joists, J-Series and
H-Series", adopted by the Steel Joist Institute and the Amsrican
Institute of Steel Construction. For blaet design, all the pro-
visions of this Specification are in force, except as modified 3
herein. ‘

These joists are manufactured using either hot-rolled or
cold-formed steel. H-series joists are compcsed of 50-ksi steel
in the chord members and either 36-ksi or 50-ksi steel for the web
sections. J-series joists have 36-ksl steel throughout.

Standard load tables are availablie for simply-supported,
uniformly-loaded joists supporting a deck and so constructed that
the top chord is braced againat lateral buckling. These tables
indicate that the capacity of a particular joist may be governed
by either flexural or shear (maximum end rsaction) considerations.
As discussed previously, it is preferable in blast applications to
select a member whose capacity is controlled by flexure.

N T G T N L E TRL I T RO TN §
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S The tabuluted loads include a check on the bottom chord
L as an axially-loaded tensile member and the design of the top
chord as a columm or beam column. The width-thickness ratios
of the unstiffened or stiffened elements of the cross-section are
: also limited to values specified in the Standard Specification
~ 4 for Joiats.

The dynamic ultimate capacity of open-web joists may be
taken equal to 1.87 times the load given in the joist tables.
A 4 This value of 1.37 represents the safety factor of 1.7 multiplied
i f by a dynamic increase factor of 1.1,

_ The adequacy of the section in vebound must be evaluated.

? Upon calculating the required resistance in rebound, r/r,, using

i the rebound chart in Chapter 6 of ™ 5-1300 (Fig. 6-8), the lower
~ ) chord must be checked as & column or beam columm. If the bottom

1 chord of a standard joist is not adequate in rebound, the chord
wust be strengthened either by reducing the unbraced length or by
increasing the chord area. The top chord must be checked as an
axial tensile member but in most circuzstances, it will be adequate.

The bridging mesbers required by the joist specification
should be checked for both the initial and rebound phase of the
: response to verify that they satisfy the required spacing of com
v pression flange bracing for lateral buckling.

1l




The joist tables indicate that the design of some joists
is governed by failure of the web bar members in teansion or com-
pression near the supports. In such cases, the ductility ratio
for the joist should not exceed unity. In sddition, the joist
nembers near the support should be inv-stigated for the worst com-
bination of slenderness ratio and axial load under load reversal.

For hot-rolled members not limited by shear considera-
tions, design ductility ratios up tc the values specified in
Chapter 2 can be used. The design ductility ratio of joists with
light gage chord members should be limited to 1.0.

The top and bottom chords should be symmetrical about a
vertical axis. If double angles or bars are used az chord mem-
bers, the components of each chord should be fastened together
80 28 to act 28 & single member.
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CHAPILR 4
COLIMNS AND BEAM COLIMNS
.l Introduction

This chapter considers the dvnamic design of steel columns
and beam.columas. Dxcept as modified herein, the provisions on
plastic destpn of the current {ssue of the ALSC Specification
applv. In addirion to the provisions set forth in this chapter,
the members should satisfy the requirements of Section 3.3.4,
Local Buckline, and Section 1.3.6, lateral RBracing.

The huckliny strenpgth of cnlumns subjected to dynamic
loadine is dependent not only upon the magnitude of the pressure
pulse but also upon the rise time of the loadine and the duration
of the loadine pulse relative to the natural frequencv of the mem-
ber. For a short duration load, a column will sustain a greater
ioad than under static conditions, since inertial forces retard
the buckling process, thereby providing a stabilizinp effect.
Hence, in blast desipgn, a reasonable approach will be to base the
calculations upon the static formulas for steel columns presented
in Part 2 of the AISC Specification with the modification that the
static vield stress is replaced by the comparable dynamic value.

4.2 Plastic Desian Criteria

The desipn criteria for columne 2n:d hesm.columns must
vens ot fOT Lheir benavior not only as individual members but also
as members of the overall frame structure. Within a rigid frame,
the individual members are subjected to various combinations of
axlal load, bending moments and end restraint. In addition, their
stability i{s affected by lateral torsional buckling and the over-
all frame characteristics in terms of sway stability and lateral
deflection.

Depending upon the nature of the loading, several design
cases may be encountered. Summarized below are the necessary
equations for the dvnamic design of steel columns and beam-columns.

(1) In the plane of bendinp of compression members which
wvould develop a plastic hinge at ultimate loading, the
slenderness ratio l/r shall not cxceed C. defined by:

Ce = [Jonlurryy (4.1)
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where E 18 the modulus of elasticity of steel in ksi
(29,000) and F,, is the dynamic yield stress (see

y
Chapter 2).

(2) The ultimate strength of an axially loaded compression
member should be taken as:

P, = 1.7 AF, (4.2)

where A 18 the pross area of the member and Fa is given by

1 - @un?ieg
202
By = c (4.3)
5+ 3(KL/r) - (KI/r)3
3 8 ¢, 8c3

where Kl/r 18 the largest effective slenderness ratio.
See Section 4.3,

(3} Members subject to combined axial load and biaxial
bending woment should be proportioned so as to satisfy
the following set of interaction formulas, i.e.:
Equation 4.4 in all cases and either Equation 4.5(a)

or Equation 4.5(b), whichever applies.

R T <1 (h.4)
Py (=Pl (- PR M,
Pr K% v W <10 for R/P, > 0.15 [4.5(a)]
B, 108 1.1§npy
QY
E?i. + 5,__ <1 tor P/P, < 0.15 {4.5(0)]
Mox My
where M, Hy = maximum sapplied momentu about the x and

y axes
P = applied axial load

Pex * 23/12 AR i P, = 23/12 AF),

ey
Pl = 12x%R/[23(Key /e )?)
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4.

Mpx' pr =
Mnx » Mmy =

For columns

Mo =
For columns
Mnx =
May =

12n2E/[23(Kib/ry)2]

actual unbraced length in the plane
of bending

corresponding radii of gyration
deA

coefficients applied te bending term in
interaction formula and dependent upon

column curvature caused by applied moments
(see Section 1.6.1 of the AISC Specification).

plastic bending capacities about the

x and y axes = deZx, dely, respectively
moments that can be resisted by the member
in the absence of axial load

braced in the weak direction

Mpx; Mmy = Mpy (4.6)

unbraced in the weak direction

. /‘—"‘
[1.07 - (Z/ry)dey/3160]Mpx <M

[1.07 - (2/r, )Py, /31600y < My

4.7

Subseripts x and v indicate the axis of bending about
which a particular design property applies.

Columns may

be considered braced in the weak direction

when the provisions of Section 3.3.6 are satisfied.

Beam-columns should also satisfy the requirements of

Section 3.3.

3, Design for Shear.

Fffective lLength Ratios for RBeam-Columns

P I I R I

The basis for determining the effective lengths of beam-
columns for use in the calculation of P, Poxs Povr x and Hmy in
plastic design is outlined below.

For plastically desipned braced and unbraced planar
frames which are supported against displacement normal to their
nlane, the effective length ratios in Tables .1 and 4.. shall




apply.  Taoie s.i corresponds to bending about the strounv axis

2f a member, while Table 4.2 corresponds to bending about the
weak axis. In each case, ¢, is the dictance between points of
lateral support corresponding to r, or r_, 2s applicable. The
cffective length factor, K, in the plane of bending shall be gov-
cerne:! by the orevisions of Section 4.4,

FABLE 4.1

CEFFOTTVE Ly NGUE AT POR BEAM-COLIMNS (WERZ OF MEMMIKS.
IN vME PLANE OF THE FRAME, i.e., BENDING ABOUT THE STRONG AXIS)

One- and Two-Story

Braced rluanar Frames* Unbraced Planar Frames*
P, Use [aryer ratio, Use larger ratio,
7 ., - -
/ey or Ury ity or Kifry

0 1 4 ' » :

P lse (/r, Use K /rx

™ t'se {/r Use I/r

Ay v y

e e s A e vt = Em—— —— = . R > - —— o o ot

= /r, shall not exceed C..
PABLF 4,2

JFFECTIVE LENGTH KRATIOS FOR REAM-COLIMNS (FLANGES OF MEMBERS
' THE PLANE OF THE FRAME, {.e., BENDING AROUT THE WEAK AXIS)

One- and Two-Story

Rraced Planar Frames* Unbraced Planar Frames*
i I'se larger ratio, llse larger ratio,
vy or L/, lr, or Kl/ry
v ‘'se {/r, Use KZ/ry
Moy Pae /1, Use L'/rx
*“": ,"r-y -H-h‘r'lilu]" 'n-(—?.t- .G*.Pb.e.d- ‘(;-(,_.-‘~ T T

For columns subjected to blaxial bending, the effective
lenvths piven in Tables 4.1 and 4,2 apply for bending about the
resoective axes, except that P, for unbraced frames shall be based
on the larper of the ratfos Ki/r, or Ki/r,. 1In addition, the
larer of the slenderness ratios e, or X/rv shall not oxceed Ceo
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4.6 Effective Length Factor, K

In braced frames wherein lateral stability {s provided
by adequate attachment to diagonal bracing, shear walls, an ad-
jacent structure having adequate lateral stability, floor slabs
or roof decks secured horizontally by walls, or bracing systems
paraliel to the plane of the frame, the effective length factor,
K, for the compression members should be taken as unity, unless
analysis shows that a smaller value may be used.

However, when a column or a beam-colusn is a member of
an unbraced frame, the K factor can be greater than unity depend-
ing upon the degree and nature of fixity at the ends of the member.
There are various methods for evaluating the effective length
factor including some relatively recent developments which are
gaining recognition, such as the inelastic K-factor concept and
the story buckling strength concept. The best source of authori-
tative data in the area of K factors is the Commentary to the
AISC Specification, with Supplements and other AISC literature.

In plastic design, it is usually sufficiently accurate
to use the K factors from Tsble C 1.8.1 of the AISC Manual for the
condition closest to that in queation rather than to refer to the
alignment chart (FPigure C 1.8.2 nt the AISC Manual). It is per-
missible to interpolate between different conditions in Table 4.3
(Table C 1.8.1 of the AISC Manual) using engineering judgment.

In general, a dexign K value of 1.5 is conservative for the columns
of unbraced frames when the base of the columna is assumed pinned,
since conventional column base details will nsually provide partial
rotational restraint at the colusm base. For the girders of uun-
braced frames, a design K value of 0.75 is recommended.

n
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CHAPTER 5
FRAME DESIGN
5.1  Introduction

The dynanmic plastic design of frames for blast-resistant
structures is treated in this chapter. The material is
vriented toward industrial building applications common to
ampunition manufacturing and storage facilities, i.e.,
relatively low, predominantly single-story, multi-bay struc- :
tures. This treatment applies principally to acceptor struc-
tures sublected to incident overpressures at barricaded dis-
tances, or face-on overpressures at unbarricaded distances,
l.e. about 10 psi.

The design of blast-resistan% frames is characterized by 1
the following:

4. Simultaneous application of vertical and horizontal ;
pressure-time loadings with peak vverpressures con-
siderably in excess of conventional loads.

b. Design criteria permitting inelastic local and over-
all dynamic structural deformations (deflectivns and
rotations).

¢. Design requirements dictated by the operational needs
of the tacilicvy and, often, the need tor reusabilicy,
with minor repair work, following an accidental
exploesion.

A wide variety of solutions exist for the overall framing _
system chosen tor a pavticular application. This choice is :
xoverned by the scrength, stiffness and stabilicy vequirements
for the structure in respouse to the {mposed blast loading as
detined by the peak overpressure, the lead duration and the
orientation o! the path ot the blast wave with respect to the
axes of the structure. dJther equally important {afluences
fuclude operational and architectural requirements, the desived
post-accident condition and cconomy of material and fabrication.

Ripgid frame construction is recommended in the design of
biast-reslistant structures slnce this system provides uwpen
interfor space combined with substautial resistance te lateral
torces. In addicion, this type of construction possesses
iaherent encrgy absorption capabllity due to the successive
developaent of plastic hinges up to the ultizate capacity of
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5.2.1 Collapse Mechanisms for Rectangular Multi-Bay
Frames

General expressions for the possible collapse mechanisms
of single-story rigid frames are presented in Table 5.1 for
pinned and fixed base frames subjected to combined vertical
and horizontal loading. The governing failure mode in a par-
ticular application depends upon the overall frame geometry,
the relation between member properties within the frame and
the ratio of the peak horizontal to vertical blast load. The
design objective is then to proportion the frame members such
that the governing mechanism represents an economical solution.

For a particular frame within a framing system, the
ratio of total horizontal to vertical peak loading, denoted by
t, is influenced by the horizontal framing plan of the struc-
ture and 1is determined as follows:

4 = qh/qv (5.1)
where q , = vav = peak vertical load on rigid frame

qQp, = Phbp = peak horizontal load on rigid frame

P, = blast over-pressure on roof

= reflected blast pressure on front wall

b= tributary width for vertical loading

tributary width for horizontal loading

The : ratio will usually lie in the range from about 1.8
to 2.5 when the blast wave is directed perpendicular to the
roof purlins. The value of : is much higher when the direction
of the blast is parallel to the purlins, since in this case only
part of the vertical load 1s carried by the girders of the
rigid frame in the direction of the load.

It is assumed that the plastic bending capacity of the

roof girder, M , Is constant for all bays. The capacity of the
- exterior and interior columns are taken as CM_ and C1My,,

respectively. Since the exterior column is generally subjected
to reflected pressures, it is recommended that a value of C
greater than 1.0 be selected, i.e. the bending capacity of the
exterior column should be greater than that of the roof girder.
Therefore, for the purpose ¢f analysis, the plastic hinge at
the blastward haunch 14 assumed to form in the girder, although

g1
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TABLL 9.1 COLLAPSE MECHANISMS FOR RIGID FRAMES WITH
P IANEU BASES.

. . Plostic Moment M,
Coilnpse Mechanism - -
Pinned Bases Fixed Basas
Pore N LNy
T ! w? w?
i ! i i 6 T3
SEAM MECHANISM
2 T
» | ‘ * awH? awH?
; i | 4(2C+N 4(33+1)
BEAM MECHANISM
e S T _
/ P} e 4 bawH? i
! / ! / T 2+ (e-nc | 4 +(n-1)Ci+C
PANEL MECHANISM (¢, <2;" €, 22"
35 s, T 4
A ASY Aoy s wh? oyl |
/ / / / 4n Z  An+CI+ln-11C
PANEL MECHANISM (¢, 22" € 2 2
? /\0/07\‘0/7\\0"7 " R ﬂ.; y PRTLIA &
/ / / , [T R B 2«4-6}3%\—: G
COMBINED MECHANISM
5°/£ /x 7 7 Gownt 3 oeni?
/ i Ly \ i
COMBINED MECHANISM CrErElL . %C*(“'”C'*Em,z%
5bm7 %G,Hz -ﬁ-cmrn-l2
/ ! Segin.nll 1
Cln~z) > CHn-) 5 +h-3)
COMBINED MECHANISM 7 e K z‘c' v |
5 . . " 2
/[‘—(7\"/ %[3« Hés(n =112 l[“” +n ”L]
/ o4(n-)Saien-2
- X ~1) = 4(2n-2)
COMBINED MECHANISM c#(2n-3) 2 2 2
w
OIS ITT T C LT
Mp
_ -y
!C H-f : n s Number of
- M Citd i
* ’ s e ' : beys=1,2,3...
o wsz Unlfprm} \
L L squivalen
bz - b b static load

# For C, =2 hinges form in the girders and columns at Intarier jeints
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this assumption may not result in an economical design if the
. span of the exterior bay s substantially greater than the
1 . height of the frame.

The resistance for each mechanism may be computed by
equating the work done by the external loads to the internal
work absorbed by each plastic hinge as it rotates. For
example, for the roof girder fixed-ended beam mechanism of a
; single-bay frame, the external work, Wg, is given by (wL25) /4
= 3 where v is the rotation of a member in the assumed collapse
mechanism, The internal work, WI, is given by AMEH. By
equating the external work to the internal work, the moment
capacity corresponding to this mechauism is wL2/16.

As seen from Table 5.1, the mechanism that corresponds
Ew 8 to the lowest possible resistance is a function of the relative
TR magritudes of the horizontal and vertical forces, the height
k.. and length of a bay, the number of bays, and the vatios, C and
£ ) Cy, of the plastic bending capacities of the columms to the
e plastic bending capacitias of the girders. It is evideat that
-3 the cnolce of C and C, determines whether certain hinges will
. form in the girder or in the column or in both simultanecusly.
DR However, for analytical purpuses, the liinge may be assumed to
- - 4 be concentrated at the haunch. The values of C and Cy have a
i - 3 major influence on the weight and bahavior of the frame since
e they establish the relative bending capacities for the girders
E and the columns, :

E A ‘ It will normally be uneconomical to propertion a frame

3 subjezted to vertical and horizontal blast pressures so that
g the mode of failure 1s a cimple beam mechanism siuce this
oy implies that eilther the roof girder or the columns will be de-

signed to remain elastic. It will generally be found that a

combined sidesway mechanism, with hinges in both the girders

and the columms provides greater overall economy.

N In analyzing a given frame with certain member properties,
- the controlling mechanism is the one with the lowest resistance.
In design, however, the load is fixed and the required design
plastic moment is the largest M, value obtained from all pogsible
mechanismse. For that purpose C and €, should be selected so as
to minimize the value of the maximum required M, from among all
the possible mechanisms. Reasonable values of U and Cl can he
established by substituting assumed values of these constants

*- 4 in the expressions given in Table 5.1 and calculating . After
=T a few trials, it will become obvious which choice of ¢ and C)
tends to minimize the largest value of M,. Rigorous ainiwum
weisht design procedures could he used to establiish C and Cpo
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but sucn procedures are relatively complex and time consuming
and are not warraunted for a preliminary design.

5...2 Dynamic veflections and Rotations

static design is based primarily on strength considera-
tions with some servicibility limitatinons on the deflections and
rotations ar the service load level and consequently, the
detormations associated with the collapse mechanism are not
usually calculated. However, o the dvuamic design of steel
frames which are permitted tu deflect well into the plastic
range. it is essentlal tu compute the maximum inelastic deflec-
tions aund iotatlons since these quantities, in addition to the
strength requlremcats, constitute the basin design parameters.

As discussed previously, it will normally be more
veonomical te proportion the members so that the controlling
failure mechanism is a combined mechanism rather than a beam

N mechanism. The mechanism having the least resistance consti-
f < tutes an acceptable mode of failure provided that the mzognitudes
d . ol the mavimum deflectlons and rotations do not exceed the maxi-

num values recommended in Caapter 2 of this veport.
S.4d.3 Dynawmic ioad Factors

For the purpose of preliminiry design, it is necessary

: te muke zertain initial assumptions regarding the dynamic

; " effect of the load on thae deflection ot the frame. These

3 4 assumptions are requived since the natural period of the

o systen i lnitialiy unknowa., ‘fo obtain initial estimates of

' the required mechaaisw resistance, the dynamie load factors of
Table 5.2 mav be used to abuain equivalent statle loads for
the indicated mechanisns.  These factors were ohbtained from
single-dagree-oi i recdor analvses of several steel trames in

i sn intermediate o low pressuve range. For example, consider-

% ing the gidesway behavior ot a single-siory, multi-hay frame

- with plioned beses, the parameter I’il‘N ix psuwally about 0.4 where
v 8% the load duration and Ty ia the natural period of vibration
for the fvame. #For the ductiliey ratio of 3 corrosponding to
a teusable structure, Figure o«7 of ™ 5-1300 (ndicates that
8/8, = 2 vhiilch corresponds to a dynasic load factor (R,78) of
0.5.

The prelisinary lead factors in Table $.2 are necessavily
% 3 approsimiate and make uo distinction for different end conditions.
: ‘ However, theyw ave wxpected to reswlt in reaconable estimates of
the reguired vesistance for a trial desipin. COnce the trial cem-
ber slzed are establishied, then the natural period and
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deflaction of the frame can be calculated using the procedure
and data of Section 5.2.5.

TABLE 5.2

DYNAMIC LOAD FACTORS (DLF) AND EQUIVALENT
STATIC LOADS FOR TRIAL DESIGN

_ STRUCTURE
COLLAPSE
MECHANISHM REUSABLE NON-REUSABLE
Beam 1.0 0.8
Panel or Combined 0.5 0.35

Equivalent static vertical load = q, X DLF = w

Equivalent static horizontal load = q, X DLF =aw

The dynamic load factors of Table 5.2 are presented for
both reusable and non-reusable frames. In each case, the fac-
tors for a panel or combined sidesway mechanism are lower than
those for a beam mechanism since the natural period of a sides-
way mode will normally be greater than the natural periods of
the individual elements.

v.2.4 Preliminary Sizing of Frame Members

v obtain preliminary estimates of the peak axial forces
in the girders, the approximate formulas of Figure 5.1 may be
used. Flgure 5.1 may also be used for calculating preliminary
values of the peak shears in the columns. TIn applying Fipure
5.1 {n preliminary design, the equivalent horizontal static
load shall be computed using the dynamic load factor tor a
panel or combined sidesway wechanism.

Preliminary values of the peak axtal loads in the columns
and peak shears in the girders may be cowputed by multiplying
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Figure 5.1 Preliminary values of peak shears and axial loads

due to horizontal loading of single-bay and
multi-bay frames.
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the equivalent vertical static load by the roof tributary area,
Since the axial loads in the columns are due to the reaction
from the roof girders, the equivalint static vertical load
should be computed using the dynamic load factor for a beam
mechanism,

Each member in a frame under the action of horizontal
and vertical blast loads is subjected to combined bending
moments and axlal loads. Therefore, the resistance of a4 frame
Jepends upon the ultimate strength of the members acting as
beam-columns.

Due to the dynamic nature of the blast loads, the phasing
letween critical values of the axial force and bending moment
cannot be established from a simplified analysis. Therefore,
.t Is recommended that the axial loads and moments computed in
accordance with the above recommendations be assumed to act
concurrentlv for the pur use of beam-column design. This
assumption tends to be ¢ iservative.

.When a blast wave ilmpinges on the building from a quarter-
ing direction, the columns and the girders in the exterior
trames are subject to bilaxial bending due to the simultaneous
action of vertical pressures on the roof and horizontal pres-
sures on the exterior walls. In such cases, the moments and
forces are calculated vy analyzing the response of the frame
in each direction for the appropriate components of the load,
The results in each direction are then superimposed in order
to perform the analysis or design of the beams, columns and
beam-columms of the structure. This approach is generally con-
servative since it assumes that the peak values of the forces
in each directlon occur simultaneously throughout the three-
dimensional structure.

Having estimated the raximum values of the forces and
moments throughout the frame, the preliminary sizing of the
members can be perform ] using the criteria in Chapter 2 and
the procedures for beams, columns .2 vzar-20lumns in Chapters
3 and 4.

5.2.9 Stiffness and Deflection

Since the preliminary design of the frame is based ou
assumed dynamic load factors, it is desirable to make an approx~
imate calculation of the sidesway deflection of the frame pilor
to performing a rigorous analysis on a computer. The deflection
wt a possible local mechanisw of the roof girder or front column
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Figure 5.2 Effect of girder flexibility on resistance-

deflection function of multi-bay frames in
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should also be computed. The latter can be carried out using
the aprropriate stiffness and rvesistance functions for these
elements in conjunction with Chapter 3 of this report and with
the dynamic response charts in Chapter 6 of T 5-1300.

lo estimate the sideway deflection of the frame, Lhe
flexibility of the girders should be taken into account; other-
wise, the computed displacements mav be underestimated consider-
ably. An approximate method which accounts for girder flex-
ibilf{ty 1s preseated below. Flgure 5.2 presents the form of the
resistance-deflection disgram for a typical multi-column frame
subjected to lateral load. Line A represents the resistance
tor infinite glrder stiffness., With infinite girder stiffness,
plastic hirges would develop simultaneously at both ends of ali
columns. If the actual girder {lexibility {s considered, the
hinges woeuld be found te develop successnively as indicated by
Line B, The recommended resistance diangram is Line ¢, an exten-
djon ot the initial slope of Line B to the intersection with the
Line of saximum cvesistance. The shaded area represents the
vrror introduced. Use ol Line € will result in a calculated
detfloction which s smaller thian the true deflececion; however,
the ervor lnvolved 1s generally smill. To obtaln the effective
spring constant K cengtdering girder flexibilicy, [t is neces-
sary to datermine the slope of Line €. This can be determined
by lwposing a uniformly distributed hortzontal load upon the

frame and calculating the corvesponding horfzontal deflection
ot the glrder.
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The stiffness tactor K, for single-story rectangular
frames subjected to uniform horizontal loading is defined in
Table 5.3. Considering an equivalent single-degree-of-freedom
system, the sideswayv natural period of this frame is

Ty = 27 Jm /KK (5.2)
N e L
where K, is a load tactor that modifies K, the frame stiffness

due to a uniform load, so that the product, KK, is the equiva-
lent stiffness due to & unit load applied at tﬁc equivalent
lumped mass, m,. The load factor is given by

KL 2 0.55(1 - 0.25) (5.3

where : = base fixity factor (i.e., v = 0 for a pinned base and
¢ =1 for a tixed base). The equivalent mass m, to be used in
calculating the period of a sidesway mode consist of the total
roof mass plus one-third of the column and wall masses., Since
all of these masses are considered to be concentrated at the
roof level the mass factor KM is equal to 1.0.

The limiting resistance R, is given by

Ru a wH (5.4)

where w is the equivalent static load based on the dynamic load
factor fur a panel or combined sidesway mechanism.

It should be pointed out that R corresponds to the
smallest value of the resistance for all possible panel or
combined mechanisms as determined from Section 5.2.

The equivalent elastic deflection Xg corresponding to Ru
{s

Xe = R /K (5.5)

E
The ductility ratio for the sidesway deflection of the
frame can be computed using the dynamic response chart (Figure
6.7) of TM 5-1300.
The maximum detlection Xm is then calculated from

Xp = -Ng (5.6)

where . §s the ductility ratio in sideswav.
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5.3  Prelimirary lesign of Single-story Frames with
Supplementary Bracing

S.3.1 Introduction

This section presents an approximate method for the pre-
liminary design of single-storv frames with supplementary brac-
ing and either rigid or non~-rigid girder to column connections.
I'he procedure is similar to that presented in Section 5.2 for
rigid frames except that the formulas are modified to include
the effect of bracing. For design purposes, the behavior of
these frames can be treated as the combination of two separate
load-~car.,ing systems, i.e., rigid frame action plus bracing.
Only frames with diagonal X bracing are considered and only
the tension diagonal is assumed effective in resisting horizon-
tal load and contributing to the frame stiffness.

In the remainder of this section, it should be noted that
whenever the term "braced frame" is used, reference is still
being made to this speclal framing case of frame action with
supplementary diagonal bracing.

5.3.2 Bracing Ductility Ratio

For these applications, the brace members are not ex-—
pected to remaln elastic under the blast loading. [t is there-
tore necessary to determine {f this yielding will be excessive
vhen the system Is permitted to deflect to the limits given in
Sectlon 2.3.3, On the basis of the analysis summarized below,
it can be concluded that the maximum bracing ductility ratio

will be acceptable provided that ductile steel bracing members
are used.

The ductility ratio associated with tensifon yielding of
the braclag may be expressed as the vatio of the maxious
straln in the brace to the yield strain as follows:

- 1 .7
- sax’ ¥ (5.7)
where - i5 the maximue steadin and - is the vield strain

03 " N ), R
given by $ JJE where }dy is the dynamic yield stress and E is

Young's zodllus.

Assumiog small deflections and neglecting axial deforma-
tions in the girders and columns, the maxlmun strain ia a brace
is glven by

he 3
oay ™ s(aes v) il {3.8)

9




where © ts e sidesway deflectica, I is the bay width ...d ; lg
e overtica! angle between the prace and a horizontal plane.
'he derivacion ot this relationship is shown in Figure 5.73.

The ductilitvy ratle tfor the orace may thus be written

?
- oleesT )R
M (5.9
Jdv : :
Frowm e Jdeiflection criteria of Chapter 2 is limited

10 H/ 50 fer reusable structures aud to H/25 for non-reusable
structures. uwistitution of these limiting deflections in the
atove equation gives
3
= o(eosT.) E

Y .
Rrell Fay (5.10)
for reusable stourtures, and

? E
25L Fd.', (5‘11)

8b= Scos

€ mox. © 8b/fb
(b = l./%os 14
€ mox. © 8 cos® Y/L

Figure 5.3 Strain in tension brace
due to sidesway.
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for non-reusable structures. Taking as an example F 39,6
ksl which corresponds to the specified minimum yield Stress of
A36 steel with a ten percent increase for dynamic effects, and
E = 29,000 ksi, the bracing ductility ratio for a non-reusable
Structure at the maximum permissible daflection is given by,

S = 29.2 U (cos?)) [5.11(2)]
L

It can easily be verified that the term H (coszy) will
L

not exceed about U.5 for structures with reasonable proportions.
Therefore, the bracing ductility ratio will not exceed 14.6
for a non-reusable structure at the maximum permissible deflec-
tion. The ductility ratio corresponding to fracture of mild
steel in a standard tension test is on the order of 100 to 200.
Hence, the bracing ductility ratio at the maximum permissible
sidesway deflection is sufficiently low to preclude the
possibility of fracture even after several applications of
the blast loading.

Equations 5.10 and 5.11 indicate that the bracing
ductility ratio is inversely proportional to the dynamic yield
stress for the material, i.e., the higher the yield stress,
the lower the ductility ratio for a given sidesway deflection.
However, high strength steel members are generally not recom-
mended for use as diagonal braces since these steels are not
as ductile as mlild steel. Similarly, wire rope and structural
strand with limited ductility are also not recommended for
this application.

5.3.3 Collapse Mechanisms for Frames with Supplementary
Bracing

The possible collapse mechanisms of single-story frames
with diagonal tension bracing are given in Tables 5.4 and 5.5
for pinned-base frames with rigid and non-rigid girder to
column connections. In each case, the ultimate capacity is
expressed in terms of the equivalent static load and the mem-
ber ultimate strength (either or Ade ). In these tables,
the cross-sectional area of the tension grace is denoted by
Ap, the parameter m is the number of braced bays and Fqy 1s the
dynamic yield stress for the bracing member. 1In develoging
these expressions, the same assumptions were made as in Section
5.2.1, 1.e., M_ for the roof girder is constant for all bays,
the bay width, L, 1s constant and the column moment capacity
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TABLE 5.4 COLLAPSE MECHANISMS FOR RIGID FRAMES WITH
SUPPLEMENTARY BRACING AND PINNED BASES.

Collopse Mechanisi Plostic Momen! Mp

T =

BEAM MECZAANISM

2 '
; 7[ /[ /I uwHZ_
- . . 4(2C +i)

BEAM MECHANISM

3a/t VS /7

- - .- asz t

) . - Y.

/- / Z ( 5 mA, Fy Heos ) STTrTE

PANEL MECHANISM (c. @ 2)*

awH?  mAsF HcosY

‘ 4n 2n B
PANEL MECHANISM - ' T TN
4
> . w 2.0 2 mA!F!HCOIY
~ - e (Ol He — - ]
- Bn( 2 L 4n

COMBINED MECHANISM

Saq
! 7 ? 7 %auﬂ’-%A.F.,Hch
C+ -é o%‘(n-l)

COMBINED MECHANISM (ca2)”

5b —2~ %awH’-gA.n,Hcos Y
/’/‘

COMBIKED MECHANISM C+in-g) (e 2ty

6
w 2
) p: 5[3‘” o(n-i)l.]- D &y FoyHcos ¥
COMBINED MECHANISM ce(2n-3)

w
1T T I T T I T I I I I I T

ns Numbaer of
boys=1,2,3...

w = Uniform
equivalent
static load

# For Ci=2 hinges form in the girders ond columns at interior joints
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TABLE .5 COLLAPSL MLCHAMISHS FOR FRAMLS WITH SUPPLLALNTARY
BRACTIHG, WOH-RIGID GIRDER TO COLUMH CONNECTIONS
AdD PINNED BASES.

Collapte Mochenicm Ultimate Capacity ?":‘."‘
y
] W My = wl/a
My = wit/i2

EXTERIOR GIROER

My« w8 e
R ' ®:®

3 My = o wh/e OLIO)
1A T ®

BEAN MECHAINGH
BLAGTULAD COL

4%M AyFy *awH/2mcosy @é@)

PANEL MECHAMNGH Mg "full — 2N

6
W ApFgy *SawH (ZCN)A @
4mons” mHemsY

COMBINED WECHANIONM

GIRDER FRAMING TYPE
@ GIRDER BIMPLY SUPPORTED BETWEEN COLUMNS
@) GIRDER CONTINUOUS OVER COLUMNS

(3) GIRDER COMTINUOUS OVER COLUMNS ANO
MORLY OBMNECTED TO EXTEROR COLUMNG OWLY

IXIXITIITY
( m = Number of
A breced bays
" i " w = Uniferm
I l L _J sduivelent
= ot - wotic lood
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ceetficleat, U, {s greater than !.0,

For non-t tuld plrder to (olumn copnect fons, the resfs-
tance tunctfons fer local mechanfsms of the roof glrder depend
upcn whether the pirder s continuous over the columns or is
‘ramed between the cobumns.  When the glrder is continuous,
the interlor bay gplrder mechanisms are the same as that for a
tiaed team, While the resistance of the exterior girder is the
satar as that of a flied-pinned beam. In certain cases, it may
be economical to provide a rlgid comnection ur the exterior
haunches and non-rigld connections at interior column lines.

A5 fur the case of a rieid frame, the expressions in
«ables 5.4 and 5.. were computed by equating the work done by
the external loads te the internal work absorbed during plastic
deformation. For 4 bruced {rame, the internal work consists
cf the energy absorbed by each plastic hinge as it rotates plus
the cnergy absorbed bv the tension diagonals as they yiel:d in
tension. For a braced frame with non-rigid connections, only
the vieiding of the tenrica diagonals contributes to the
internal work during plascic deformation of a panel (sidesway)

mechanisn,

As an example, for the panel mechanism of Table 5.4 with
Cl;i (i.0. case 3b) the external work is given by

W = 1 Wi

E Vit o

where - is the rotation of the columns in the panel mechanism.
The internal work performed by the plastic hinges as they
rotate through the angle = i=
' - ‘.
'w1~--2“Mp‘

where n {s the number of bays.

The Internal work performed by the tension bracing is given by
the gimple expression,

¥ay™p

where m is the number of braced bays, Fy, Is the dynamic yield
stress for the bracing and ‘p 18 the plastic axial elongation.
For small deflections

W, = mA,
I 5}

, = ll%cosy
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By equating the external and internal work

2
= awlH™ - m A F, Hcosy
" 4n  2n % dy

For a panel mechanism, with non-rigid girder to colum connec-
tions (case 4 of Table 5.5), the following resistance function
is obtain by equating the work done by the external loads to
the energy absorbed by yielding of the tension bracing:

AF,, = ul
Y  2mcosy

For rigid frames with tension bracing, it is nece sary to
vary C, C, and A, 1in order to achieve an economical desi 1.
When non-¥igid glrder to column connections are used, C and ¢
drop out of the resistance function for the sidesway mechanism
and the =rea of the bracing can be calculated directly.

5.3.4 Dynamic Load Factors

Fco purposes of a trial design, the dynamic load factors
o. Table 5.2 ~ay also be used for braced frames. In general,
the sidesway tiffness of braced frames will be greater than
for unbraced frames and the corresponding panel or sidesway
dynamic load factor may also be greater. However, while Table
5.2 18 naceasarlly aoproximate and serves only as a rational
starting peinc fcs a preliminary design, refinements to this
Table for frames with fupplementary diagonal braces are not
warranted.

5.3.5 Stiffness and Deflection

The provisions of Section 5.2.5, Stiffness and Deflectien,
may be used fo: braced frames with tha following modificatiouns:

(1) The sidesway n-tural pericd of a frome with supple-
mentary diagonal bracing is given by

Ty = 27 Jo/ (KK, + K) (5.1

ln which Ky is the “orizontal stiffness of the tension braeing
given by

Kb - nAbEcos3r

L

and where K, &L and m, dre the equivilent frame stiffuness, {raoe
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loat tactor and ettective mass, respectively, as defined in
Section M 2LS,

(2) The elastic deflection of a braced frame is given
by

R = R/ (KK HG) (5.14)

Note that the trame stiffness, K, is csero for braced frames
with non-rigld connections.

5.%.0 Preliminary Sizing of Frame Members

For braced fiames, Figure 5.4 may be used to determine
values of girder axial lodis and column snears for preliminary
design, Note from this figure that the shear in the blastward
column and the axial load in the exterior girder are the same
as for the rigid frame as shown in Figure 5.1. For interior
bays the corresponding quantities are reduced by the horizontal
component of the force in the brace given bv

kﬂ = Abkdysxu, (5.1%)
it a bay is not braced then this guantity should be set equal
to sero for the next bav. To avoid an error, horizontal
equilibrium should be checked using the formula
. * oV L .
where R is the horizontal lvad given by
R o= LWH t3.17)
Vl is the buse shear in the blastward column given by
vV, » RI2 + M /H
{ R/ ﬂplis
Aid Vo s the shear in wach of the resaining columns given by
V.= Rl2a - ﬁ?!aﬁ (3.19,

fe hicn a is the nusber of bays and =\ F sind ix the sum of
the hovizontal cozpenents of the forces in’ the braces.

in applvlog Figure 3.4 to braced trases with nou-vigid
Rirder 1o (oluwsa conneebionx, the Quantity M. zshould Hoe set
vqual Lo zevo. ¥For suck cases, tle eative kovizoatal <hear is
tauen by the bracing and the exterier colwm. VFor frames with
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PI=R/2 -Mp/H
P22P1-V2~Fy
Fu =A5F"c037
V2 =R/2n-Mp /nH
P3:=P2-V2-Fy
Py = Ppoy = V2-Fy

Figure 5,4 Column shears and girder
axial loads for braced frames.

rigld connections, M 1s simply the design plastic moment
obtained from the cogtrolling panel or cowbined mechanism.

For computing axial loads in the columns the vertical
compounents of the forces in the temsion braces should be added
te the vertical shear in the voof girders. The vertical cowmpo-
nent of cthe force fa a brace is given by

. .. “
F, = Ab&dybln. {5.20)
The reactiony frow the bdbraces will also affect the load
on the {oundation of the frawe and oust be fucluded in the de-
sign of the foeting.
The provisions of Section %.2.4 on combined bending and

axial icad tor rigid trates apply to braced frames with the
exception tiat the reactions from the tension braces owst be
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taken into account in computing axial loads and shears.

Finally, when the estimated design forces and moments
acting on the frame members have been obtained. preliminary

member sizes can be determined based upon the material in
Chapters 2 through 4.

5.3.7 Sleaderness Requirements for Diagonal Braces

The slenderness ratio of the bracing should be less than

300 to prevent vibration and "slapping". This design condition
can be expressed as

£y L Ly /300 (5.21)

in which r, is the minimum radius of gyration of the bracing
member and Ly, 1s its length between points of support. Even
though a compression brace is not considered effective in pro-
viding resistance, the tension and compression braces should
be counected together where they cross. In this manner, L

for each brace may be taken equal to half of the total length.

5.3.86 Preliminary Design Procedures for Frames with
supplementary Bracing.

The prellminary design procedure for frames with supple-
mentary diagoual braces is similar to the procedure described
in Section 5.2 for rigid frames and as illustrated by the
example problem in Section 7.6. For braced frames with rigid
connections, however, the procedure is alightly more invelved
gince {t is necessary to assume a value for the brace area in
addition to the assumptious for the coefficients € and ;. For
frames with non-rigid connections, C and U, do not appear in

the resistance formula for a sidesway mechanism and A1 can be
¥
determined divectly.

In selecting a trial value of A, for frames with rigid
connections, the minimum brace size will be controlled bv the
slenderness reguirement of Section 5.3.7.

In addition, {u each particular application, there will
be a limiting value ¥ A bevond which there will be no sub-
stantial welght savings In the frame members since minimum
sizes for the frame moembors are required based upon the maxi-
aum slenderness ratio requirements in Section 4.2, In general,
values of of aboul one to two square funches will result in
a substantidl dncrease in the overall resistance for frames
witu ragid conoections. Hente, an assused brace area in this
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l i
." range {4 reconmended as a starting point. The determination of
¢ and € then follows the same procedure as outlined for rigid
3 ] frames,
; {
4 1
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CHAPTER 6
CONNECTIONS
6,1 Introduction

The connections in a steel structure designed in accor-
dance with plastic design concets must fulfill their function
up to tlie ultimate load capacity of the structure. In order to
allov the members to reach their full plastic moments, the con-
nections must be capable of transferring moments, shears and axial
loads with sufficient strength, proper stiffness and adequate ro-
tation capacity.

Connections must be designed with consideration of eco-
nomical fabrication and esse of erection. Comnecting devices may
be rivets, bolts, welds, screws or various combinations thereof.

6.2 Types of Connections

The various coannection types generally encountered in
steel structures can be classified in the following groups:

A. Primary member connections

1. Corner frame connections
2. Beam to column comnections
3. Baam tc girder connections
4. Splices

3. Column base connections

B. Secondary msmbar comnections

1. Purlia to frama counections
2. Girt to frame connections
3. Bracing coanections

C. Attachmant of Panels

1. BEoof or floor psnel coanections

2. WUall eiding connections.

Preceding page blank
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Connections in Group A refer to those used in design and
construction of the framing of primary members. They generally
involve the attachment of hot-rolled sections to one another,
either to create specific support conditions or to achieve con-
tinuity of a member or the structure. In that respect, connec-
tione used in framing may be classified into three groups
(corresponding to Type 1, 2 and 3 connections in the AISC Speci-
fication) as follows:

(1 Rigid
(11) Flexible (Non-rigid)
(111} Semi-rigid

depending upon their degree of restraint which is the ratio of the
sctual end moment that nay be devzloped to the end moment in a
fully fixed-ended beam. Approximately, the degree of restraint

is generally considered as over 90 percent for rigid comnections,
between 20 %0 90 percent for semi-rigid comnections and below 20
percent for flexible connections.

It should be mentioned that the strength and rotation
characteristics of semi-rigid connections are dependent upon the
properties of the intermediate connecting elements (angles, plates,
teea) and thus, are subject to much variation. Since semi-rigid
structural analyses are seldom undertaken due to their great com~-
plexity, no further details oo semi-rigid connections will be
given here.

Connections listed in Group B are used to fasten secondary
aenhers such as purlins, girts or bracing members to the primary
asmbare of a frame, either directly or by means of auxiliary sec-
tions such as aongles and tees.

Basic requirements for connections of Groups A and B ae
well aa general guidelines for proper design are presented in
Sections 6.3 and 6.4. 1n addition, dynamic design atremses to be
used in the selection aud eizing of festening devices are given
in Sectiom 6.5.

Group C refers to connhections usted te attach elaments of
the skin or outer ahell of an (nstallaticn as well as floor and
vall panels to the supportiag skeieton. Connectfons of this type
are distioguished by the fact that they farten relatively thin
sheat material to one another or to hesvier rolled sections. Roof
decks and vall sidiog have to vithstand during their lifetime
{apart from sccideatal blast losds) exwosure to weather, uplift
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forces, buffeting and vibration due to winds, etc. For this rea-
son, and because of their widespread use, special care should be
taken in design to insure their adequate behavior. Some basic
requirements for panel connections are presented in Section 6.6,

6.3 Requirements for Main Framing Connections

The design requirements for frame connections may be 1llus-
trated by considering the behavior of a typical corner connection
as shown in Figure 6.1. Two members are joined together without
stiffening of the corner web. Assuming that the web thickness is
insufficient, the behavior of the connection is represented by
Curve 1 which gshows that yielding due to shear force starts at a
relatively low load. Even though the connection rotates past the
required hinge rotation, the plastic moment is5 not reached.

In addition, the elastic deformations are also larger than those
assumed by the theoretical design curve.

A second and different connection may behave as indicated
by Curve 2. Although the elastic stiffness is satisfactory and
the maximum capacity exceeds M_, the connection fails before
reaching the required hinge rogation and thus, is unsatisfactory.

These considerations indicate that connections must be
designed for strength, stiffness and rotation capacitv. They must
transmit the required moment, shear and axial load, and develop
the plastic moment M, of the members. ‘

Normally, an examination of a connection to gee Lf it meets
the requirements of stiffness will not be necessary. Compared to
the total lenpth of the member, the length of the comnection is
small; and, if the connection is slightly more flexible than the
menher which it joins, the general effect on the structural he-
havior la not great. Approximately, the sverage unit rotation of
the connecting zone should not exceed that of an equivalemt length
of the meabers beinp joined.

Of equal importance with the atrength of the connection 1s
an adequate reserve of ductility after the plastic moment has heen
setained. Rotation capacity at plastic hinge locations is essen-
tial to the developaent of the full ultimate load capacity of the
stiucture.

Some typlcal frasing connections used in blast-resistant
stiuctutes are shown in Appendix C.




6.4 Design of Connections

It is not the intent of this chapter to present procedures
and equations for the design of the various types of connections
likely to be encounterad in the blast-resistant design of a eteel
structure. Instead, the considerations necessacy for a proper
design will be outlined. The reader is referred to the many
standard texts on plastic design for the procedures and equations.

After completion of the dynamic analysis of the structure,
vhether by hand calculations or computer analysis, the mambers are
sized for the given loadings. The moments, shesars and axial loads
at the connections are knowvn. Full recognition must be given to
the consideration of rebound or stress reversal in designing the
connections. Additionally, in continuous structures, the mazimum
values of P, M and V may not occur simultaneoualy snd thus, sav-
eral combinations msy have to be considered.

All connecting elements subject to compression should meet
the width-thickness ratio requirements as specified in Section
3‘306. .

With rigid connections such as a continuocus columm-girder
intersaction, the web area within the boundaries of the connection
should meet the shear stress requirsments of Section 3.3,3, If
the web area is unsatisfactory, disgonsl atiffeners or web doubler
plates should be provided.

Stiffeners vwill normally be required to prevent wveb crip-
pling and preserve flange continuity vherever flanmge to flange
connections occur at columns in a continucus frame. Wed crippling
must alao be checked a: polats of load spplicatfon such as beam-
girder interssctions. In these cases, the requiremsnts of Section
3.1.5 of cthia report and Sections 1.10.5 and 1.10.10 of the AISC
Specification must be considered.

Sioce bolted fointe will devalop yield atresses coly after
slippage of the wembers haw occurrved, the use of frictioca-type
bolted connecticns i{s ot vecommended.

6.5 Dynamic Design Stresazes for Connections

In accordance with Section 2.8 of the AISC Specification,
bolte, rivets and uelds ahull be proportioned to rexiet the maximum
forcea using stresses equal to 1.7 times those given fa Part 1 of
the Specification. Additlonally, these stresses are jucressed by
the dymamic incresse factor specified 1o Section 2.2.2; heoce,

»
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Figure 6.1 Corner coanecticn behavior.
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g = 1.7cF, (6.1)

where Fy = the maxioum dymamic design streas

£}
L

the dynamic increase factor
(Table 2.1}

-3
t

8 the allowable static design atress

Rater rthan compiling new tables for maximum dvnamic lcads
for the varfous tvpes of connections, the designer will find 1t
advantageoun t~ divide the forces heinpg constidered bv the factor
1.7¢c and then to refer to the allowable load tables in Part ! of
the AISC Specification.

6.6 Reguirements for Floor and Wall Panel Connections

- - ———— —— - & rr—

Panel connections, in general, can be divided into two
rmajor groups:

a. Panel to panel connections, and
h. Panel to supporting-frame connections.

The firsat tvpe involves the attachment of relativelv lipght-gape
materiala to each other such that they act together as an integral
unit. The aecond tvpe {a generally used to attach sheet panels to
heavier crosa-sections.

The mcat common type of fastener for decking and steel
vall panelin in the self-tapping acrew with or without washer.
Even for conventions) deaign and repular vind leoadinz, the screw
fastenercn have often been the source of local failure by rearving
the aheeting mstevia!. It tw evident that under blaat loading and
particulariy en rebound, screw coonnectors will be even more voi-
nerable to thias tvpe of fatlure. Special cares ahould de taken in
desizn to reduce the rrobahility of fallure by umning overaized
vashere snd/or increased material thickness at the comnectfeon
icaelf.

Nue to the sapnitude of forces involved, snecla) tines of
connet tors, ae shown In Fig. 6.2 and Appendix C, will unually be
necessary, e.g.:

4. Seli-plereing, seif-tapniag screws of larper dlameters
vith oversized vashers

b. Puddle welds or vasher nlug welds.
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SELF-TAPPING SCREW

RAMSET TYPE FASTENER
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THREADED NELSON TYPE STUDS

Figure 6.2 Typical connections for cold-formed
steel panels
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¢. Threaded connectors firad into the elements to be
attached.

d. Throaded studs, welded to the supporting members,
which fasten the pancl by means of a special
arrangsment of bushing and nut.

Apart from fulfilling their fumction of cladding and load-
resisting surfaces, by carrying loads perpendicular to their
surface, floor, roof and wall, steel psnels can, when adequately
connected, develop substantial reaistauce to in-plane forces,
acting as diaphragms contributing a great deal to the overall
stiffness and stability of the structure. As a result, decking
connections are in many cases subjected to a combination of shear-
ing forces and puli-out forces. It is to be remembered also that
after the panel has deflected under blast loading, the catenary
ection sustained by the flat sheet of the decking represents an
important reserve capacity against total collapse. To allow for
- such cafenary action to take place, connectors and especially end
.3 connectors should be nade strong enough to withstand the membrane
' forcee that davelop.

Finally, the design of these special connections for deck-
ing should take into account acceptable construction tolerances,
ease of fabrication, siwmplicity of erection, reliability and cost.
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CHAPTER 7
DESIGN EXAMPLES

This chapter presents detailed design procedures and
numerical examples on the following topics:

1. Flexural elements subjected to pressure-time loading
2. Llateral bracing requirements
3. Cold-formed steel panels
4. Columns and beam-columns
5. Open-web joists
6. Single-story rigid frames
7. Blast doors
8. Unsymmetrical bending
References are made to the appropriate sections in Chap-

ters 1 through 6 of this report and to charts, tables and equations
from other design manuals and specifications.

7.1 Design of Beams for Pressure-Time loading

Problem 1: Design a purlin or girt as a flexural member which
responds to a pressure-time loading.

Proceduyre:

Step 1. Establish the design parameters:

a. Pressure-time load

b. Design criteria (“max and emax for a
reusable or non-reusable structure)

(Section 2.3.3)

¢. Span length, L, beam apacing, b, and
support conditions

d. Properties and type of stcel used, 1,e.,

Fy and F
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Step 2.

Step 3.

Step 4.

Step 3.

Determine the equivalent static load w using
the following preliminary dynamic load factors
as discussed in Section 3.3.2.

(0.8 for a non-reusable structure
DLF = (
(1.0 for a reusable structure

w=DLFxpxb

Using the appropriate resistance formula from
Table 3.1 and the equivalent static load de-
rived in Step 2, determine Mp.

Select a member size using Equation 3.2 or 3.3.
Check the local buckling criteria of Section
3.3.4 for the member chosen.

Determine the mass m including the weizht of
the decking over a distance center-to-center
of purlins or girts, and the weight of the
members,

Calculate the equivalent mass M, using Table
6-1 of T™ 5-1300,

Determine the equivalent elastic stiffneas
Kg from Table 3.1.

Calculate the natural period of vibratiom, Ty,
using Equation 3.10,

Determine the total resistance, R,, and peak
pressure load, B. Enter Figure 6-7 of T 5-1300
vith the ratios T/Ty and B/R, in order to

establ ish the ductility ratio u. Coampare with
criteria in Step 1.

Calculate the equivalent elastic deflection Xg
as given by the equation

and establish the waxioum deflection X
given by

Xo = v&g




Compute the corresponding member end rotation.
Compare 8 wvith the criteria in Section 2.3.3.

tan 8 = X /(L/2)
Step 11. Check for shear using Fquation 3.11 and Table 3.3.
Step 12, 1If a different member size is required, repeat
Steps 2 through 11 by selecting a nev dynamic
load factor.

Example 1: Design of a beam for pressure~time loading.

Required: Design a reusable simply-supported beam in a low to
{ntermediate pressure range.

Step 1. Given:
a. Pressure-time loading (Figure 7.1)
b. Criteria: Reusable structure, maximum
ductilicy ratic = I, maximum end
rotation = 19, whichever governs

¢. Structural configuration (Figure 7.1)

d. Fy = 36 ksi, E = 30 x 103 ksi, AJ6 steel

Wo = 9.80st (excluding beom weight)
w .
a| Spsi
. b,
17 g;
w
e
o
40 m3
Spacing b = 4.5 TIME

Figure 7.1 Beam cenfiguration and loading,
Example 1,
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Step 2. Determine the equivalent static load ({i.e.,
required vesistance).

DLF = 1.0 for a reusable structure
(Section 3.1.2)

w=1l.0x3x46.5x144/1000 = 3,24 k/ft
Step 3. Determine required Mp.

My = WLl = 3,26 x 17 = 117 k-fe
8 8 (Table 3.1)

Step 4. Select a member.

(S+2) =*"p = 2x 117 x 12 = 71.0 in3
Fiv 39.¢ (Equation 3.2)
* 1.1 x 36 = 39.6 ksi

where V de = ¢F
(Table 2.1)

y

Select W12 x 27, S = 34.2 in3 1 = 204 1n

38.0 {n3

z

S+ 2 =72.2 1}

Hp = (72.2 x 39,6)/7¢2 % 12) = 119 k-ft
Check loca) buckling criteria.

d/t,, = 50.5 < &12/4F, = 88.7 0.K.
) (Equation 3.12)

bgf?.tf - 3-12 < 8.5 0K,
(Section 31.3.4)

Step 5 (aleculate M.

Mol o= [(4,5 x8.8) ¢ 271007 3 109)
]

“ 29,600 (k-ms?)/fe

Step 6. Calculate the cffective maxs, N, for a respouse
in the elasto-piastic ranpe.
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Ky = (0.79 + 0.66)/2 = 1.45/2 = 0.725 :
(Table 6-3, TM 5-1300) ;
4

M, = 0.725 x 25,600 = 18,560 k-ms2/ft

Step 7. Determine Kg.

Kg = 384 EI = 384 x 30 x 103 x 204
513 5 x 173 x 144

= 664 k/ft (Table 3.1)
Step 8. Calculate Ty.
Ty = 20/M./K; = 20/18,560/664
= 34 ms (Equation 3.10)

Step 9. Establish the ductility ratio u and compare
vith the criteria.

Tl'l'N » 403/34 = 1.18

BepxLlLxb=35x17 x4.5 x 144
1000

« 49 kips
R, * BHpIL = (8 x 119)/19 = 50 kips
B/R, = 49/50 = 0.98

From Figure 6-7 of TN 5~1300,

uw X,/Xg = 2.05 <3 0.K.

Step 10. Determice Xg.

Xg = aulxs = (50 x 12)/664 =« 0,90 tach
Find X.

Xg @ uXg » 2.05 x 0.90 = 1,845 tnches
Find énd votation, 0.

tan 6 « X /(L/2) = 1.845/(8.5 x 12) = 0.0:31
9 =1V 0.X. (Section 2.3.3)
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Step 8.

Step 9.

Step 10.

(Table 6-1, ™ 5-13C0)

M, = 0.725 x 25,600 = 18,560 k-ms?/ft
Det ermine Kg.

Kg = 384 EI = 384 x 30 x 107 x 204
513 5 x 173 x 144

= 664 k/ft (Table 3.1)
Calculate Ty.
Ty = 2%/M /Kg = 27/18,560/664
» 34 mg (Equation 3.10)

Establish the ductility ratio u and compare
with the criteria.

T/Ty = 40/3% = 1.18

BepxLxb=35x17 x 4.5 x 144
1000

= 49 kips
R, " BHPIL = (8 x 119)/19 = 50 kips
B/R, = 49/50 = 0.98

From Figure 6~7 of TN 5-1300,

uoe X /Xg = 2,05 <3 0.K.
Deteraine X;.

Xg = Ry/KRp = (50 x 12)/664 « 0.90 tnch
Flad X,.

Xg * uXp = 2.05 x 0.90 = 1.845 tuches
Find ¢nd rotation, 0.
tan 6 = X /(L/2) = 1.845/(8.5 x 12) = 0.0181

8 = 10 0.X. (Section 2.3.3)
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Step 11. Cheék for shear.

Dynamic yield stress in shear

s : F,, = 0.S5Fd = 0,55 x 39.6 = 21.8 kst
i v y (Equation 2.3)

Ultimate shear capacity
vP = Fgy x A, = 21.8 x 0,24 x 12

= 62.7 kips (Equation 3.11)
Maximum support shear
Vg = T, x L/2 = R,/2 = 50/2 = 25.0 kips
V, >V, 0.K.

7.2 Spacing of Lateral Bracing

Problem 2: Investigate the adequacy of the lateral bracing
specified for a flexural member.

The design procedure for determining the maximum permis-
sidble spacing of lateral bracing is essentially a trial and error
procedure if the unbraced length is determined by the conaidera-~
tion of lateral torsional buckling only. However, in practical
design, the unbraced length is usually fixed by the apacing of
purlins and girts and then must be inveatigated for lateral tor-
sional huckling.

Procedure:
Step 1. Establish design parameters.

a. Bending moment disgram obtained from a
design analysis

b. Unbraced lennth, I, and radius of pyration
of the wesber, Ty about 1ts weak axis

c. Dynamic yleld strength, Fy,
(Sectfon 2.2.3)

Step 2. Froa the woment diaspram, find the end moment

vratle, NN,, for each segment of the beam
betveen polnts of bracing.

lie




Step 3.

Step 4.

(Note that the end moment ratio is positive
vhen the segment is bent in reverse curvature
and negative vhen bent in single curvature).

Compute the maximum permissible unbraced length,
lcy, using Equation 3.14 or 3.15, as applicable.
Since the spacing of purlins and girts is usuallv
uniform, the particular urbraced length that must
be investigated in a design will be the one with
the largest moment ratio. The spacine of braciny
in non-yielded segments of a member should be
checked against the requirements of Section
1.5.1.4.62 of the AISC Specification (see Section
3.31.6).

The actual length of the segment heing inves-
tigated should be less than or equal to I...

Example 2: Spacing of Lateral Bracing

Required: Investigate the unbraced lengths shown for the W10 x 21
beam in Figure 7.2.

Step 1.

Given:
a. Bending moment diagram shown in Figure 7.2

b. Unbraced lenpth (each segment) = 44 fnches
ry » 1.32 inches

¢. Dynaunic vield strenpth = 39.6 ksl

(2 3] a

-“p

44 44 . 44 L
WI(; 22l Yo 8.C.0 BRACING
{ ' LOCATIONS

A \J8 B 3
0.5Mp Mﬂ,

Mo

Figure 7,2 Bending moment diagram, Example 2.
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Step 2.

Step 3.

The moment ratio is -0.5 for segments BC and CD
(single curvature) and 0.5 for segments AB and
DE (double curvature).

Determine [...

Zcr = 1375.0 x 1.32 = 46.0 inches
39.6 (Equation 3.15)

By inspection, Equation 3.15 results ‘n a larwer
unbraced length than Equation 3.14.

ftep 4. Since the actual unbraced length is less than 46
{nches, the spacing of the bracing is adequate.
1.1 Design of Cold-Formed,Light-Gage Steel Panels Subjected

to Pressure-Time Loadling

Problem 3: Design a roof deck as a flexural member which responds

to pressure-time transverse loading.

Procedure:

Step 1.

Step 2.

Establish the design parameters:
a. Pressure~time loading

b. Design criteria (B‘a‘ and e_“ for either a
reussble or non-reusable cold-formed panel)
(Section 2.3.3)

e. Span leagth and support conditions
d. MNechanical propertics of steel
Determine an equivalent uniformly discributed

static losd for 1-ft width of panel, uming the
following preliminary dyoamic luad factors.

Reusable Non-Reusadble
OLF 1.65 1.40

These foad factors are based on an average value
of T/Ty = 10.0 and the design ductility ratios
recommended in Fquation 3.27. They ate derived
usiag Figure 6-7 of TN 5-1300.

s
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Step 3.

Step 4.

Step 5.

[72]
[
o

-

Step 7.

Step 8.

Step 9.

Seep 10.

Fquivalent static load w = DLF x 1.1 x p x b
vhere the 1.1 increase factor is outlined in
Section 3.7.2 and b = 1 fe.

Using the equivalent static load derived in
Step 2, deternine the ultimate moment capacity
(positive and negative depending on support
conditions). (Section 3.7.2)

Determine required section moduli using
Equation 3.22 or 3.23.

Select a panel.

Determine actual section properties of the panel:
s¥, 57, I, m = w/g (for l1-ft width of a panel).

Compute r,. the maximum unit resistance per l-ft
width of panel using Equation 3.24 or 3.25.

Determine the equivalent elastic atiffness,
Rg = r LiXp using Equation 3.26.

Compute the natural period of vibratiom

Ty = 2v/0.76al/¥, (Equatfon 1.29)
Calculate B/r, and TITN. Enter Figure 6-7 of
™ 5-1300 with the ratlocs 8/r, and T/Ty to
establish the sctual ductilicy ratio u.
Compare 1 vith the criteria of Section 2.3.),
If v {e lavger than the criteria value, vepeat
Stepa 4 t0 9.

Compute the equivalent eleastic deflection Xg
using Xg = v U/&.

Evaluate the wmaximum deflection, X, = u¥g.
Determine vaximum panel end votation,

tan @ = X /(L/2).
Coupare @ with the criteris of Section 2.3.3.

1€ 9 19 larger thin epecified in the criteris,
select another panel and vepes: Steps 5 to 10.
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Step 11. Check resistance in rebound using chart in
Figure 3.9.

Step 12. Check panel for maximum resistance in shear by
applying the criteria relative to:

a. simple shear, Table 3.4(a)
b. combined bending and shear, Table 31.4(b)
c. web crippling, Figures 3.10(a) and 3.10(b).

If the panel 13 inadequate {n shear, select a
nev member and repeat Steps 4 to 12.

Example 3: Design of a roof deck for pressure-time loading.

Required: Design a reusable continuous cold-formed steel panel
in a low to intermediate pressure range.

Step 1. Given:

a. Pressure-time loading (Figure 7.3)

b. C(ritevia:
waximum ductility racio, Ymax 1.25
- (%}
saxisun rotation, eua: 0.9

¢. Structural coanfiguration (Figure 7.3)

4. Steel A%46 Grade a, % = 30 x 10% psi
Fy = 313,800 psi
¢ = 1.1

Step 2. Determine the equivalent static lsoad.
BLF » 1.6% (veusable)
ve LI sMFxpxbd
« 1.} x 1.65 x &.30x 12 x }2 « 1124 1d/fc

« oquuivalent static load tor 1-§t width
of panel.
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PRESSURE

43 psi
NS DN %
} S 40 ms
1 2-0" ' TIME
g 1

T
H
G":
+—
’.
o
-
b-
]
1

Figure 7.3 Roof decking configuration and leading,
Example 3,
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Step 3.

Step 4.

Step 5.

Step 6.

Determine required ultimate moment capacities.

Myp = w12 = 1124 x (4.5)% = 1,866 1b-ft
12.2 12.2 (Equation 3.25)

Myg = WLZ = 1124 x (4.5)2 = 2,254 1b-ft
10.1 10.1 (Equation 3.25)

Determine required section moduyli,.

Fqy = 1.10 x 33,000 = 36,300 psi
(Equation 3.21)

§* = 1866 x 12 = .617 in3
36,300 (Equation 3.22)

§~ = 2254 x 12 = .746 1n°
36,300 (Equation 3.23)

Select a 1-1/2 inch deep panel 16-16.
(hat gection 16 gage, flat sheet 16 gage)

Determine actual section properties.
s* = .654 {n3

§~ = .745 in3

I = .763 tnb

w e 58 psf

Compute maximum unit resistance r .

Mup = 36,300 x .654 = 1,978 1b-ft
12 (Equation 3.22)

Min * 36,300 x .745 = 2,254 1b-ft
12 (Egquation 3.23)

th = 1978 x 12,2 = 1,192 1b/ft
(6.5)2 (Equation 3.25)

r- = 2254 x 10.1 v 1,124 1b/ft

u ———— R W — ——

(4.5)2 (Equation 3.25)

Maximum resistance r, = 1,124 1b/ft, roverned
by capacity at support.
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Step 7.

Step 9.

Step 10.

Determine equivalent static stiffness.

Xg  0.0062 x ry x L4

(Equation 3.26)

- EI, ’ qu = 0,751

0.0062 x L3

= 30 x 106 x .75 x .763 = 211,000 1b/ft
0.0062 x (4.5)3 x 144

Compute the natural period of vibration for
the 1-ft width of panel.

e ——————

mL= ¥ =58x100x4.5=0.81 x 10% 1b-ms?
b4
32.2 fe

Ty = 2n/(0.74 x 0.81 x 108)/211,000 = 10.6 ms
Calculate B/r,, T/Ty.
B=1l.lxpxb
= 1.1 x 4.30 x 12 x 12 = 681 1b/ft
B/r, = 681/1124 = 0.606
T/T, = 40/10.6 = 3.78"

Entering Figure 6-7 in TM 5-1300 with
these values,

ye 1,20 < 1.25 0.X.
Check maximum deflection and rotation.
XE - ruL/KE

* X, = 1.20 x 1,124 = .0287 ft
L 46,879

tan 6 = X /(L/2) = .0287/2.25 = 0.01275

8 = 0,73 < 0.9° 0.K.
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Step 11. Check resistance in rebound.
From chart, Figure 3.9, required f/ru = 0,50

Available maximum elastic resistance
in rebound

(r/ru)actual = ,654/.745
= 875 > 0.50 0.K.
Step 12. Check resistance in shear.
a. Interior support (combined shear and bending)

Determine dynamic shear capacity of a 1-ft
width of panel:

h = (1.500 - 2t) inches, t = .060
= 1.5000 - 0,120 = 1,380 inches
h/t = 1.380/0.060 = 23 = 20
Foy = 9.0 ksl (Table 3.4b)
Total web area for 1-ft width of panel
8xhxt)/2=4x 1,380 x .060
= 0.3312 {n?

v, = 0.3312 x 9,000 = 2,980 1b

Determine naximum dynamic shear force:

The maximum shear at an {nterior support of
a continuous panel using limit design is:

vmax = 0.55xr, xL
« 0,55 x 1.124 x 4.5

- 2,782 1b < 2,980 1b 0.K.
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b. Fnd support (simple shear)

Determine dynamic shear capacity of a 1-ft
width of panel:

For h/t < 63, ks = 0.50Fg, = 0.5 x 36.3

o 18.15 ksi
(Table 3.4a)

Vy = 0.3312 x 18,150 = 6,011 1b
Determine maximum dynamic shear force:

The maximum shear at an end support of a
continuous panal using limit design 1is

Vpax = 0.45 x v, x L = 0.45 x 1,124 x 4.5
= 2,276 1b < 6,011 1b 0.K.
¢. Web crippling
End support (N = 2.-1/2 inches)

Qu = 1,400 x 4 = 5,600 1bs > 2,276 O.K.
(Figure 3.10a)

Interior support (N = 5 inches)

Q, = (3,500 x 4)/2 = 7,000 1bs > 2,782 O.K.
(Figure 3.10b)

7.4 Design of Columns and Beam Uaiumns

Problem 4: Design a colwnn or beam-column for axial load
combined with bending about the atrong axis.

Procedure:
Step 1. Establish design parameters.
a. Bending moment M, axial load P and shear V
are obtained from either a preliminary de-

sign analysis or a computer analysis.

b. Span length I and unbraced lengths l, and ly.
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¢c. Properties of structural steel:

-4 Minimum yleld strength Fy

Dynamic increase factor c¢
(Table 2.1)

Dynamic yield strength F,
(Section 2.2.3)

Step 2. Select a preliminary member size with a section
modulus S such that

S > M/Fqy

and bg/2ts complies with the structural
steel being used. (Section 3.3.4)

Step 3. Calculate Py (Section 3.3.4) and the ratio P/Py.
Using either Equation 3.12 or 3.13, determine
the maximum allowable d/t, ratio and compare it

to that of the section chosen. If the allowable
d/t, ratio is less than that of the trial sec-

tion, choose a new trial section.

Step 4. Check the shear capacity of the web. Determine
the web area A, (Section 3.3.3) and the allow-
able dynamic shear stress Fygy (Section 2.2.3).
4 Calculate the web shear capacity Vp (Equation
- 3.11) and compare to the design shear V. If

inadequate, choose 8 new trial section and return
to Step 3.

Step 5. Determine the radid of gyration, r, and Ty and

plastic section modulus, 2, of the trial section
from the AISC Haandbook.

Step 6. Calculate the following quantities using the
various design parameters:

a. Fquivalent plastic resisting moment

% = Fay?

b. Effective slenderness ratios Kl,/r, and
Kly/r,. For the effective length factor K,

sce Section 1.8 of the Commentary on the
ALSC Specification snd Section 4.3,
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c. Allowable axial stress F; corresponding to
the larger value of Kl/r.

d. Allowable moment M, from Equation 4.6 or 4.7.
e. Fg and "Euler” buckling load P, (Section 4.2).

f. Plastic axial load Pp (Section 4.2) and
ultimate axial load P, (Equation 4.2).

g. Coefficient G, (Section 1.6.1 AISC
Specification).

Step 7. Using the quantities obtained in Step 6 and the
applied moment M and axial load P, check the
interaction formulas (Equations 4.4 and 4.5).
Both formulas must be satisfied for the trial
section to be adequate.
Fxample 4(a): Design of a roof girder as a beam-column.

Required: Design a fixed-ended roof eirder in a framed structure
for combined bending and axial load.

Step 1. Given:

a. Preliminary computer analysis gives the
following values for design:

My = 115 ft-kips
My = 0
P = 53.5 kips
V= 15.1 kips
b. Span length I = 17'-0"
Unbraced lengths 1, = 17'-0" and ly “«17'-0"
c. AJ6 structural steel
Fy = 36 kst
c=1.10 (Table 2.1)

Fay = cFy = 1.10¢36) = 39.6 kst
(Section 2.2.3)
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Step 2.

Step 3.

Step 4.

Step 5.

S = “x’de - 115(12)/39.6 = 34.8 1ad
Try W12x36 (S = 46 inJ)
A = 10.6 1in2 d/t, = 4.1

bf/th - 6,08 < 8.9 O0.K. (Secticn 3.3.4)

Py = AF, = 10.6(36) = 382 kips

(Section 13.3.4)

P/P

y 53.5/382 = 0,140 < 0.27

d/e, = 12/ - 1.4cp/py))
(Equation 3.12)

(6127736)[1 - 1.4¢0.140)]

55.2 » 40.1 0.K.

Vp - Favl (Equation 3.11)

Fiv ° 0.55!-‘,{y = 0,55(37.6) » 21.8 kai
{Section 2.2.3)

A, = t e - 2eg) = 6.305[12.24 - 2(0.540))
« 3,40 in? (Section 3.3.3)
vp ® 21.8(3.40) = 74.1 kips > 15.1 kips 0.K.

5.15 in.

”
[ ]

b 3

1 4 1.5 in.

y
Z = 51.6 ind (AISC Manual)




Step 6.

Mox = Fay *x 24 (Section 4.2)
= 39,6 x 51.6 x 1/12 = 170.3 ft-kips

K= 0.75 (Section 1.8, Commentary
on AISC Specification)

Kl /r, = [0.75(17)12]/5.15 = 30
Kly/r, = [0.75(11)12]/1.55 = 99

F, = 13.10 ksi for Kly/ry = 99 and Fy = 36 ksi

(Appendix A,
AISC Specification)

1.10(13.10) = 14.41 ksi for Fqy, = 39.6 ksi

L f1.07 - (Z/rx)/ri{_l%x < Moy
3,160 (Equation 4.7)

[1.07 - (204/1.55)¥39.6]170.3
3,160

137.6 < 170.3 fe-kips

_12vlF = 1202(29,000) = 165.7 ksi
23(KIp/r )2 23(30)2 (Section 4.2)

'
Fex

Pox * 2JAFgeyx = 23(10.6)165.7 = 3,360 kips
12 12 (Section 4.2)

©
[}

de‘ = 39.6(10.6) =« 420 kips
(Section 4.2)

by~
[ ]

i.TAF; = 1,7(10.6)14.41 = 260 kips
{Equation 4.2)

Cax = 0.8 {Section 1.6.1,
AlSC Specification)




Step 7.

P‘- + CoxMx + CayMy . <1
Py (1 - P/Pe)My, (1 - P/ )M

(Equation 4.4)

= 53.5 + 0.85(115)

i

< s - i

260 (1 - 53.5/3360)137.6
.« 0.206 + 0.722 = 0.928 < 1 0.K.

P o+ +

My <1
Py L.ABM

-

My
118, (Equation &4.5)

« 53.5+ 115 » 0,127 + 0.572
420 1.18(161)

= 0.699 < 1 0.K.

Trial section meets the requirements of Chapter 4.

Example 4(b): Design of column.

Required: Design an exterior fixed-pinned column in a framed

structurve for bilaxial bending plus axial load.

Step 1. Given:

&. Preliminary deaipgn analyats of a particular

c¢olumn givea the followving values at a
critical section:

N, = 311 fe-kips
Ny » 34 fe~kips
P = 76 kips
V= 5% kips

b. Span leapeh I = 17°-3"

Unbraced lengths Z! - 17°-3" and Zv -Gt
{laterally supported by wall rires)
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Step 2.

Step 3.

Step 4.

¢. A3 structural steel
F, = 36 ksi
c=1.10 (Table 2.1)

Fgy = cF, = 1.10(36)

y
= 39.6 ksi (Section 2.0.7%)

S = M/Fy = 311(12)/19.6 = 94.2 in?
Trv Wl x 78 (S = 121 in?)
A= 22,9 tn? dlt, = 32.9

bg/2ee = 8.36 < 8.5 0.K. (Section 13.3.4)

P, = AF, = 22.9(36) = 824 kips
: (Section 3.3.4)

P/P, = T6/824 = 0.0922 < 0,27

dley = QI2F[1 - 1.ap/p))
) (Equation 3.12)

e (412/430)[1 - 1.4¢0.0922))
« 39.9 > 32.9 0K,

Vo = Fuvd, (Equation ).11)
de - O-SSF&Y - G.';S(l‘).ﬁ)

- 21.8 kst (Section 2.2.3)
A, = g0 = 2t = 0.328{16.06 - 2(0.718)]

- 5.40 ind {Section 3.3.))

SV, = 21.8{5.40) = 117.7 kips > 54 kips 0.K.

i)




Step 5.
Ty ® 6.09 inches
Ty = 3.00 inches :
Zy = 13% a3 -
- | 2, = 52.4 a3 (AISC Manual)
| Step 6. |
M, = Fay? (Section 4.2)

pr = 39.6 x 134 x 1/12 = 442 ft-kips
Moy = 39.6 x 52.4 x 1/12 = 173 fe-kips

Use K = 1.5 (Section 4.3)

Ky = 1.5(12.25)12 » 51
- 5.09
x

s Wil At s N P TR

o

KZ, = 1.5(4.00)12 = 24
iy 3.00
v

Fa = 18.26 kst for Kl,/r, = 51 and Fy = 36 kel
1.10€18.26) » 20.09 kst for Fay = 39.6 ket

Mm - %x ® 442 fe-kips

Moy © Ny = 173 fe-kips (Equation 4.6)

- * 2 P
Fox ™ A2 - 333_;29,300) - 7.3 kst
BRG eI 2305102 (sectton 4.2)

. S D - 13nd¢? 2
23(ﬁ3b/l’y) 23€24)°  (Section 4.2)

Pox * 23":; = 23(22.9)57.3 = 2,510 kips

5 12 (Seceion 4.2)

?ey - EXAFQ'V - 2)(22.9_)259 * 11,370 kips
’ B v 12 (Section 4.2)
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Step 7.

P. = F, A= 19.6(22.9) = 907 kips

p dy
Pu - l.7AFa = 1,7(22.9)20.09 = 783 kips
Cox ™ Cmv = (.85 ' {Section 1.6.1,
AISC Specification)
P + ‘m"x + Cm\"w

P, (L= PPN, (V-9 Pe;')'.‘g;,
(Equation 4.4)

76+ 0.85011)  _+ _ OMH5(3%) =
783 (1 - 76/2510)442 (1 - 26/11,370)1173

0.G97 + 0.617 + 0,168 = 0.862 <1 O.K.

PIPp + M /QLI8M) + M/ (1.18M,,) < )
{Equation 4.3)

76/907 + 3112[1.18¢042)] + 36/[1.18(173)]) =
0.084 + 0,590 + 0.166 = 0.846 < 1 0.K.

Trial scction meete the requirements cf Chapter 4.

1.5 Design of Open-web Steel Joists

Problem 5: Analysie or desaign of an open-veb joiag subjected to a
pressure~time loading.

Procedure:

Seep 1.

Establish desipr parazmetervs.
a. Pressure-time cutve
b. Clesr span lenpth and loist spacing

¢. MNinieum yvield stress Fy for chord and wved
wmeakers

Dynanic fncrease factor, (Table 2.1)
d. Besipn ductility vatlo o and waxieum end

rotation for a reusable or non-reusable
structure (Section 2.3.))
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Step 2.

Step 3.

Step &,

Step 5,

ey

. Step 5.

Select a preliminary joist aize an follows:

3. Assume 8 dynamic load factor
(Section 3.3.2)

b. Compute eauivalent stetic load on joist due
to blast overpressure

w o ILFxpxbh
(Dead load of joist and degking ot included)
¢. FEguivalent service live load on joist
wy = w111.87 {(Sectfon 3.%)

d. From "Standard load Tables" adopted by the
Steel Joist Institute snd AISC, select a
foiat for the given span and the structural
steel being used, with a safe service load
(dead load of joist and decking excluded)
equal to or predater than vy,

Check wvhether ultimate capacity of joist is
controlled by flexure or by shear.

Find the resistance of the joist by multiplviag
the safe gervice load by 1.87.

Calculete the stiffness of Lue jotae, Kg, usiar
Tadle J.1.

Beteroine the =quiv. lent elagiic doflection Xg
given by,

Xg = ruLIKE

Determine the effective mass using the wetpht of
the jotsr .ith fts eributary avea of decking, and
the covrcrronding load-wass factov giwen in
Table =) of ™ 5-1305.

Calculate the natural pertod of vibratfon, Ty.
Faliow procedure outlined f{n & or &b dependiag

on wh :ther the joiet capacity ia controlled by
flexure or by shear.
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Step 6.

Step 6b.

Joist design controlled by flexure.

a.

b.

Find ductility ratio u = X /X,

from Figure 6-7 of T™ 5-1300, usinpg the
values of T/Ty snd B/r .

Check 1f the ductility ratio and naximum ead
rotatlon meet the criteria requirements
outlined in Section 2.3.3.

If the above raquirements are no. satisfled.
select another dynamic load factor and
repeat Steps 2 to 5.

Check 1f the top chord meets tihe requirenents
for a beam-column (Section 4.2).

Joist Jesign controlled by shear.

a.

Find ductility ratio u = xm/xg from
Froure 6~7 of T 5-1300, using the values
of T/Ty and B/r.

If & < 1.0, design is O.K.

If ¥ » 1.0, assume a higher dynamic lead
factor and repeat Steps 2 to 5. {lontinue
until ¢ < 1.0. Check end rotation, 2,
arpatnst design criteria.

Since the capacily is cantrelled by maxicur
end resction, it will generally oot b nec-
essary to check the top chord as a beam-
column. However, when such a3 check 1s
varvanted, the procedure in Step 6a.c  «an
be followed.

Check the bottom chord for rebound.

a.

b.

Betermine the requived vesistance, t. for
elastic behavior in tehound.

Cormpste the bonding soment, M. and finmd the
axizl fogzces in top and hottom chords wsine

P = M4

vheye d £ taken as the distance betveen the

countreids of the top aad bottom chord sectinns.
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¢. Tietermine the ultimate axial load capacity
of the bottom chord considaring the actual
slenderness ratio of its elements.

Py = 1.7AF,
where Fy is defined in Section 4.2.

The value of F, can be obtained by using
either Equation 4.3 or the tables in the
AISC Specification which give allowable
stregsses for compression members. When
using tnese tables, the yield stress should
be taken equal to de.

d. Check if P, > P.
Determine bracing requirements.
-9 Example 5(a): Design of an open-web steel joist

3 Required: Desirn a reusable simply-supported cpen-web steel
4 joist whose capacity is controlled by flexure.

b Solution:
Step 1. Given:
a. Pressure-time loading (Figure 7.4(a)]
b. Clear span = 50'-0"
Spacing of joistg = 7'-Q"
Weight of decking = 4 psf

¢. Structural steel properties

Chords F, = 50,000 psi
Web Fy = 36,000 psi

Dynamlc {ncrease factor

C=1.,10 (Table 2.1)
Dynamic yield stress, de - CFy

o | Chords Fay = 55,000 psi

3 Web de = 39,600 psi
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PRESSURE

1.45
psi

o e g WAL LT

d. Design criteria (Section 2.3.3)

Maximum Auctility ratio: u = 2.0
Maximum end rotation: 6 = 10

Step 2. Selection of joist size

a. Assume a dynamic load factor. For a pre-
liminary design of a reusable element, a
DLF = 1.0 is generally recommended. However,
since the span is quite long in this case,
a DLF of 0.70 {8 selected.

32.
30.22"
BEE s

' 32LHI
TIME f

N

.JL_..__.]t._ n
—_—1

E

(=} 578"

Figure 7.4(a) Joist cross-section and loading,
Example 5(a),
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b. Equivalent static load on joist:
wy = 0.70 x 1.45 x 144 x 7.0

= 1,023 1b/ft

c. Service live load on joist:

wy = w1/1.87

&
P

E = 1.023/1.87 = 547 1b/ft

d. Using the "Standard Specification and Load
Tables" of the Steel Joist Institute, for a
span of 50'-0", try 32LH11. Joist tables
show that capacity 1s controlled by flexure.

Total load-carrying capacity (including dead
load = 602 1b/ft)

Approximate weight of joist and decking
b . = 28+ (4 x 1) = 56 1b/ft

Total load-carrying capacity (excluding dead
load = 602 - 56 = 546 1b/ft)

-3 The fol.owing section propertie~ refer to the
B selected jolst 32LH11 {Fig 7.4(a)]:

Top Chord:

Two 3 x 3 x 5/16 angles
A= 3.56 in?
re * 0.92 1in,
ry * 1.54 in.
Iy = 3.02 in4

- \ﬁf Bottom Chord:

Two 3 x 2-1/2 x 1/4 angles
k., A= 2,62 in2
3 1 ry = U.945 in,
S ry = 1.28 in,

Iy = 2.35 in4

~ I, for joist = 1,383.0 in%
~ > Panel length = 51 inches
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1 Step 3. Resistance per unit length ;
F r, = 1.87 x 546 = 1,021 1b/ft 4
. Step 4. Kg = 384 EI/SL3 = 384 x 29 x 100 x 1,383 |
E- 5(12 x 50)3 ;
; ] (Table 3.1) ;
s = 14,260 1b/in §
3 ] !
1 g Xp = v L/Kg = 1,021 x 50 « 3,58 inches 3
3 ] 14,260 :
1 ; ;
3 . Step 5. Total mass of joist plus decking
3 M= 56 x 50 x 10 = 7.25 x 106 1b-ms2/in ;
S 386 v
’ . Total effective mass M, = KLHM (
- . Ky = 0.5(0.79 + 0.66) = 0,725 (Table 6.1, i
.. T™ 5-1300) '»
Mg = 0.725(7.25 x 10%)
~ = 5.25 x 10% ib-ms2/1n
T Natural period Ty = 2m/Mg/Kg
: = 21/5,250,000/14,260
‘ 3 = 120.3 ms
¢ Behavior controlled by flexure. Use Step 6a.
. Step 6a.
. B/r, = 1.45 x 144 x 7 = 1.43
1 1’021
: From Figure 6-7 of T™ 5-1300,
s
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b.

Xp = 1.42 x 3.58 = 5.08 inches

tan 6 = X,/(L/2) = 5.08/(25 x 12)
= 0,017 < 0.018
8 = 1° 0.K.

Check top chord as a beam column.
Maximum moment at mid-span

M= r,L2/8 = 1,021 x (5002 x 12
8 x 1,000

= 3,826 in-kips
Maximum axial load in chords
P = M/d

d = distance bétween centroids of top and
bottom chords [see Figure 7.4(b)].

30.22 inches

©
L]

3,826/30.22 = 126.6 kips

o~
[}

panel length = 51 inches

Slenderness ratio, Z/rx = 51/0.92

= 55.4 < C¢
where C. = /5;5E7;;; = 102 (Equation 4.1)
F, = 25.34 ksi (Table 1-55,
AlSC Specification)
Py = 1.74F, (Equation 4.2)

1.7 x 3.56 x 25.34 = 153.3 kips

Considering the first panel as a fixed,

simply-supported beam, the maximum moment
in the panel is:
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M=rL2/12 = _1,021(51)2
' 12 x 12 x 1000

= 18,45 in-kips

The effective slenderness ratio of the top
chord in the first panel:

Kly/r, = (1.0 x 51/0.92 = 55.4
Fo " 12nE = 1212 x 29,000
23Ky /r )% 23(55.4)°
- 48.7 ksl
Pex = (23/12)AF. = 23/12 x 3.56 x 48.7

333 kips
(1 - P/Py) = (1.0 - 126.6/333) = 0.62

To determine M,, the plastic moment Mp is
needed and the value of Z, has to be computed.

The neutral axis for a fully plastic section
is located at a distance X from the flange.

3x = (3 - 5/16)5/16 + 3(5/16 - x)
= (43)5/(16 x 16) + 15/16 - 3x
x = 455/(6 x 256) = 0.296 inch

The plastic section modulus, Z,, is found
to be:

z, = 2[(0.296)% x 3
2

+ (3.0 - 0.3125)(0.3125 - 0.296)2
2

+ (3 - 0,296)% x 0.3125]
2

= 0,263 + 0.007 + 2.285 » 2,555 ind
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M
X

v Cm-O.BS :

= delx = 55 x 2,555 = 140.5 in-kips

(Section 4.2)

Mag = [1.07 - Sf/'xlfféij“px < Moy

3,160 (Equation 4.7)

% . 3 where Ty 1s least radius of gyration = 0.92

= [1.07 - (55.4/427)]140.5
= (1.07 - 0.13)140.5 = 132.0 in-kips

(Section 1.6.1, AISC)

P/P, + Co/[(1 - P/Pg )My ] < 1.0

(Equation 4.4)

126.6 + 0.85(18.45) < 1.0

: step 7.

3 a.

] b.
c.

153.3

i m A3 e e o A A T O N DT G P

0.62(132.0)

= 0,825 + 0,192 = 1,017 = 1.0 0.X.

Check bottom chord for rebound.

Calculate required resistance in rebound.
T/Ty = 0.332

From Figure 3.8, 100X rebound

?/ru = 1.0

r =, = 1,021 1b/ft.

Moment and axial forces ir rebound

Me (f x L2)/8 = 3,826 1n-kips

Maximum axial force in bottom chord

P = M/d = 126.6 kips (compression)
Ultimate axial load capacity

Stability in vertical direction
(about x-axis)

142

T P R P



EEET Ty

l = 51 inches ry = 0.945
l/r = 51/0,945 = 54.0 < Ce
where €. = J(2n§§;7;;; = 102

F, = 25.61 ksi (Table 1-55,
AISC Specification)

Py = 1.7AF; = 1.7 x 2,62 x 25.61
= 114.0 kips

Check bracing requirements.

(P, = 114.0) < (P, = 126.6) N.G.

Adding a vertical member (L 2x2x3/16)
between panel joints of bottom chord

New slenderness ratio = (51.0)/0.945
2

= 27.0
In this case, F, = 30.09 ksi
P, = 1.7 x 2.62 x 30,09
= 134.0 kips > 126.6 kips 0.K.
(This additional bracing is needed in
mid-span but mav be spared at the

joist ends.)

Stability in the lateral direction
(about y-axis)

L 126.6 kips

ry = 1.28 tnches, A= 2.62 tn?

F, = Py/(1.7A) = 126.6/(1.7 x 2.62)
- 28.4 kst

For a piven F, = 24.4, the corresponding
slenderness ratio:
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L/t = 38 (Table 155,
' ] AlISC Specification)

Therefore, maximum unbraced length in
mid-apan:

Zb = 38 x 1.28 = 48.6 inches

Use lateral bracing at panel points,
i.e., 51 inches at mid-span. The un-
braced length may be increased at joist
ends, but not greater than specified
for bridging requirements in the joist
specification.

Example 5(b): Analysis of existing open-web steel joist.

Required: Analyze a simply-supported, reusable open-web steel
joist whose capacity is controlled by shear.

PRESSURE
b4
e

22 29"
21.20°

20m
TIME

|
?
o
Figure 7.4(b) Joist cross-section and loading,

Example 5(b),
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Solutfon:

Step 1.

o ALD

Glven:

Presaure-time loadiuy [Flgure 7.4(1))
Joist 22H11

Clear span = 32'-0"

Spacing oi joists = 6'-0"

Weipht of decking = & psf

Properties of structural steel:
Chords F, = 50,000 psi

Web Fy = 36,000 pai

Dynamic increase factor, ¢ = 1.10
(Table 2.1)

Dvnamic yield strength, de - c?y
Chorda Fay - 55,000 pet

Web Fay © 39,600 psi
Design criteria (Section 2.3.3)
Upax = 1.0

Yaax = 1°

Asaume the DLF = 1.0

Overpressure load on jotist

vi = 1,0 x k.0 x 164 x 6 = 864 1b/fe

Eguivalent sevvice load

vy = v;/1.87 = §64/1.87 = 462 1b/fe
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d. From the '"Standard Specifications and load
Tables" of the Steel Joist Institute:

Total load-carrying capacity (including
dead load) = 506 1b/ft

Approximate wveipht of joist plua decking =
17 + (6 x 4) = 41 1b/fe

Total load-carrying capacity (excluding
dead load) =

S0 = 41 = 465 > 462 0K,
From the steel toist catalog, the follow-
ingt are the section properties of Joist
22131 [Figure 7.4(5)5:

Panel length = 24 faches

Top Chord:
1.935 in2
Iy = 0,455 tnd

rty = 0.385 tn.
ty 1.701 $an.

A

Bottom Chord:

A= 1.575 n?
1y » 0.388 ga®
Ty = 0.497 fun.
Ty, 1.469 fa.

Iyx for jotst = 396.0 ind
Seep 3. Resistance per unit length
vy = 1.87 x 465 = 870 Ib/fe

Step 4. Kg = JBSED = 384 x 29 x 10° s 396
s} S % {12 x 3

= 15,580 Ib/ic (Table 3.1)




Step 5.

Step 6b.

Step 7.

Xg @ v L/K, = 870 x 32 = 1.79 inches
o 15,580

Mass of joist plus decking

Ml x 32 x10% = 3.4 x 10 1b-82/1n
386

Effective magss M = K (Table h-1,
e M ™ $-1300)

- 0.78 x 3.4 x 10® « 2.65 x 10° 1b-a:2/in
Natural pertiod Ty = Znﬁﬁgiﬁg
e 22/2,650,000/15,580 = 81.8 ms

Behavior controlled by shear. Use Step nb
of the procedure.

a. TIT‘ 2 25/8k.8 = 0.305

146 x 1.0 « 0.993 = 1.0

- r— .

P.fru -6
870
From ¥Fig. 6-7 of ™ 5-1300,
bo u e X fXe ¢ 1.0; elastic, 0.K,
tan & < } . 79/(L/2)
» 1.79/(16.0 x 12) = 0.009%)
e = 0,53 ¢ 19 o.xX.

g+ Check of top chord as a beam-columa is
ROt neCessary.

theck bottom chord in rebound.
a. Foru e 1 and T/T, » 0.305,
rebound = 1007 (Figuvre ).9)

I"I’“
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Determine axial load in bottom chord,
P = N/d.

For an elastic response, u < 1.0, where

T/Ty = 0.305, the DLF = 0.87
{(Figure 3.3)

kquivalent static load, w
vweDLF xb x)
® 0.87 x 12 x 12 x 6 x 1.0 = 751 1b/7¢t
Maximum moment in rebound, M = wLi/E
M= 751 x (32)2/8 x 12 = 1,155,000 in-lh
P=M/d =1,155.000/21.28
= 54,300 1b = 54.3 kips
Check bracing requivrements.
(1) Vertical bracinp of bottom chord:
Panel lenpth = 24 inches

v, = 0.497, r, = 1.669, A= 1,515 in®

v

ilr: « 24/0.497 » 48,3

Allovable P e 1.7 x 1.575 x 26.47
« 21.4 kips > 54,3 kips

{Table 1-5%,
AISC Specification)

%o extra bracing requived.
{2) Lateral braciang of bottom chosd:
Pw 3.) kips. & = 1.575 fa?

¥ PIL.IA = 343/ 7w LleTy)
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Kl ier.fk!‘v&
pe——

Por de

lle =19

® 55 ksl and F, = 20.3 ket

LI« 79 x 1.469 = 116 inches
(Table 1-55,
AISC Specification)

Therefore, use lateral bracing at

every 4th panel point close to mid-
span. The unbraced length may be
increased at foist ends, but not
grester than specified for bridging
requirements in the joist specification.

1.6 Desige of Single~Story Rigid Frames for Pressure-time

Loading

Probles 6: Design a single-atory, multi-bay rigid frame subjected
to a pressure-time losding.

Procedure:

Step 1.

Step 2.

Step 3.

Eatablish the ratio a between the dasign values
of the horizontal saod vertical blast losds.

Uefng the recommended dynamic load factors
presented {n Table 5.2, Section 5.2.1, establish
the aagaitude of the equivalent static load w
for:

(e} local wmechanisus of the roof and blastwvard
column, and

{d) panel or combived mechaciems for the frame
as » whole.

Uetog the genersl sxpressiocuns for the ponzidle
collapse usschanisse from Tedble 3.) and the loads
from Step 2, sesume values of the moment cape-
city vatfos € and €y aod procesd to estabiish
the requirsd dosiga plastic momsnt ﬁp coasider-
ing ail possidlie mechralank. In crder 2o nhtala
a vexsctably eccusomical desige, ft e lenivstle
to select C and C; 50 thal the lsast renietasce
tor the vequired value of K.} corvespoady to &
combioed wechanium. Thie will norwelly require
sevecal triale with ssaumes values of C and ().

ie¥

oAy .,

3
4
E
E




Step 4.

te

:

Step 6.

Step 7.

Step 8.

Calculate the axial loads and shears in all
mesbers using the approximate method of Section
5.2.4.

Desifn each member as a besm-column using the
ultimate strength design criteria of Chapter 4.
A numerical example is presented in Section 7.4.

Using the moments >f inertia from Step 5, cal-
culate the sidesway natural period using Table
5.3 and Equations 5.1 ané 5.2. Enter Figure 6-7
of TM 5-1300 witi, the ratios of T/Ty and 5/R,
and establiszh tie ductility ratic y. In this
case, B/Ru is the reciprocal of the panel or
sidesway mechanism dynamic load factor used in
the trial design. Multiply the ductility ratio
by the elastic deflection given by Equation 5.4
and establish the peak deflection X, from Equa-
tion 5.5. Compare the Xu/H with the criteria of
Chapter 2.

Repeat the procedure of Step 6 for the local
mechanisms of the roof and blastward colummn.

The stiffness and natural period muy be obtained
from Tables 3.1 and 3.3, respectively. The re-
sistance of the roof girder and the blastward
column wmay be obtained from Table 5.1 using the
values of and determined in Step 3. Com-
pare the ductility ratio and rotation with the
criteria of Chapter 2.

a. If the deflection criteria for both side-
swvay and beam mechanisms are patisfied,
then the member sizes from Step 5 constitute
the results of this preliminary design.
These members would then be used in a more
rigorous dynamic frame analysis such as the
nonlinear dynamic computer program DYNFA.

b. If the deflection criterion for a sidesway
mechaniem is exceeded, then the resistance
of all or most of the members should be
increased.

¢. If the deflection criterion for a beam mech-
anism of the front wall or roof girder is
exceeded, then the resigiance of the member
in question should be increased. The member

1,0
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Example &:

Required:

Given:

Step 1.

Step 2.

. N Ed . .
. f/u N LDy R e R )

gn

Determine a:

sizes to be used in a final analysis should
be the greater of those determined from
Steps 8b and 8c.

Design of a rigid frame for pressure-time loading.

Design a four~bay, single-story, reusable, pinned-
base rigid frame subjected to a pressure-time loading
in its plane.

Pressure-time loading (Figure 7.5)

Design criteria for a reusable structure.
For a frame, §/H = 1/50. The limits on
Ogayx for a frame member are summarized in
Section 2.3.3.

Structural configuration (Figure 7.5)

A36 steel

Roof purlins spanning perpendicular to
frame

Frame spacing, b = 17 ft

Uniforwm dead load of deck, excluding frame
(Section 5.2.1)

b, = b, = 17 ft

q, = 5.8 x17 x12 = 1,183 1bs/in

9y * 2.5 x 17 x 12 = 510 1lba/in

a - qh/qv = 2,32

Establish equivalent static loads.

(Table 5.2)
Local beam wechanism, w = DLF x qy

w=1,0x510 x12=6.12 k/ft.
1,000
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4 @ 16"6" = 66'*0”

Root Dead Lood = 13.5 pst
o/

G

+ 4 d J &
wall Deod Load =16.5 pst

]

[5'—2"

MEMBER REFERENCE

NUMBER
w 9.8 w
Z b s
3 o
g g 28
z g e
78ms 78ms
TIME TIME
BLASTWARD EXTERIOR ROOF ( Average)
WALL

Figure 7.5 Preliminary design of four-bay, single-story
rigid frame, Example 6.
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Goieian

b. Panel or combined mechanism, w = DLF x ,

we=0,5x 510 x 12 = 3,06 k/ft
1,000

Step 3. The required plastic moment capacities for the
frame members are determined from Table 2.1
based upon rational assumptions for the moment
capacity ratios C; and C. In geueral, the rec-
ommended starting values are C; equal to 2 and

C greater than 2,

From Table 5.1, for n = 4, a = 2,32,

He= 15167 ft, L = 16.5 ft

and pinned bases, values of Cy and C were
substituted and after a few trials, the follow-

ing solution i3 obtained:

M, = 104 kip-ft, C; = 2.0 and C = 1.5,

The various collapse mechanisms and the asso-

ciated values of Hb are listed below:

Collapse w Hg
Mechanism (k/fz) (k-ft
1 6.12 104

2 6.12 102

3a, 3b 3.06 102

4 3.06 103

5a, 5b 3.06 88

6 3.06 93

The plastic design moments for the frame

members are established as follows:
Girder, Np = 104 k-ft
Interior columm, clup » 208 k-ft

Exterior column, CNp = 364 k-ft
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Step 4. a. Axial loads and shears due to horizontal
blast pressure,

w= 3,06 k/ft
From Figure 5.1, R = awH
= 2.32 x 3.06 x 15.167

2 :{ = 108 kips
B (1) Member 1, axial load

Py = R/2 = 54 kips
(2) Member 2, shear force

V, = R/2(4) = 108/8 = 13.5 kips
(3) Member 3, shear force

Vy = R/2 = 54 kips

? g _3. b. Axial loads and shears due to vertical
' 1 biast pressure,

w= 6,12 k/ft
(1) Member 1, shear force
8 V) = w x L/2 = 6.12 x 16.5/2
‘u = 50.4 kips
(2) Member 2, axial load
Py=wxl=6.12x 16.5
« 101.0 kips
(3) Member 3, axial load
Pj = v x L/2 = 50.4 kips
Note: The dead loads are small compared to

the blast loads and are neglected in
this step.
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Step 5. The members are designed using the eriteria
of Chapter 4 with the following results:
Mg P v Ix
Member  (k-ft) &) (k) USE ()
1 104 54.0 50.4 Wi2x36 281
2 208 101.0 13.6 Wil4x6l 641
3 364 50.4 54.0 Wl4x78 851
Step 6. Determine the frame astiffness and sway

L T T T R P T R O R T ST T i Oy R T P T T PR ErS [ W W U B TR

deflection.

I, = (3 x 641) + (2 x 851) = 725 in%

5
(Table 5.3)
- 4
I8 281 in
B =0
D= IB/L - 281/16.5 = 0,475

0.751,4/H  (0.75)(725/15.167)
(Table 5.3)

Using linear interpolation to get C;
Cy = 4.49

K = EI,Cp[1 + (0.7 - 0.18)(n-1)]
u3 (Table 5.3)

= (30)(103)(725) (4.49)[1 + 0.7(3)]
(15.167 x 12)3

= 50.2 k/in (Equation 5.2)
Calculate dead waight, W:
W o= bl (4Lvg,) + (2/3) (Hvg,)]

+ (36 x 66) + 1/3(15.167)[(2 x 61) + (3 x 78)]
= 20,740 1bs
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R R T T R XA 1)

644

z"!
[ ]

W/g = 20,740/32.2 = 644 1b-sec?/ft

x 10° 1b-ma2/ft

2w¢-e/KKL

2x (644 x 108)/(50.2 x 12 x 103 x 0.55)

(Equation 5.2)

277 ms

T/Ty = 78/217 = 0.282

B/R, = 2.0
W= Xa/Xp = 1.90 (Figure 6-7,
T™ 5-1300)
Xg = R /K = awh/K (Equations 5.4
and 5.5)
= 2,32 x 3.06 x 15,167 = 2,14 inches

50.2

Xp =8 =1.90 x 2.14 = 4.06 inches

/0 = 4,

(Equation 5.6)

06/(15.167)(12) = 0.0223 = 1/50

Step 7. Check deflection of possible local mechanisms.

a. Roof girder mechanism (investigate

Wi2 x
Tn'

v e

36 from Step 5)

0.28L3/(w/g)/EX (Table 3.2)
(13.5 x 17) + 36 = 265 1b/ft

281 in*

30 x 10% x 281/144

58.4 x 106 1b-fe?

16.5 ft

(0.28) (16.5)2265(10)/ (32.2) (58.4) (10%)
28.6 ms
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T/Ty = 78/28.6 = 2.73

= 16M,/L = (16 x 104)/16.5 = 101 kips
fu % (Table 5.1)

B = pbL

(2.5)(17)(144)(16.5)/1,000 = 101 kips

B/Ru 101/101 = 1.0

=
[}

Xg/X, = 3.50 > 3 N.G.
e (Figure 6-7,
™ 5-1300)

Check end rotation of girder.

] K = 307e1/L3 = (307)(30)(103)(281)
; (16.5 x 12)3

= 332 k/in (Table 3.1)
Xg = R /K = 101/332 = 0,304 inch
X, = 3.50 x 0,304 = 1,06 inches
Xi/(LIZ) = 1.06/(8.25)(12) = 0.0107
= tan 6, 6 = 0.6° < 1°© 0.K.

] b. Exterior column mechanisa (investigate
1 Wl4 x 78 from Step 5).

Ty = 0.42L2/(w/g)/EI (Table 3.2)
v = (16.5 x 17) + 78 = 358 1b/f¢
EI = (30)(10%)(851/144) = 177 x 10% 1b-fe?
! L = 15.167 ft
» Ty = (0.42)(15.167)%/358(106)/(32.2) (177) (106)

24.2 ms
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T/TN = 78/24.2 = 3,22

R, = M2+ 1) w002 x 3.5 +1]
™ 15.167

= 220 kips (Table 5.1)
Be (2.32)(6.12)(15.167) = 215 kips

B/R, = 215/220 = 0,98

U= Xp/Xp = 3.60 >3 N.G.
(Figure 6-7,
T 5-1300)

Check end rotation of columns.

K = 160EI = (160)(30)(103)(851)
L3 (15,167 x 12)3

= 676 k/1in (Table 3.1)
Xp = R“/K = 220/676 = 0.325 inch
Xa = 3.60 x 0.325 = 1.17 inches
Xg/(L/2) = 1.17/(7.58)(12) = 0.0129 = tan 8
0 = 0.724% < 1° 0.K.

Step 8.

a. The deflections of the local mechanisas
exceed the criteria. The sidesvay de-
flection is acceptable.

b. Roof girder

u e 3,50 from Step 7; incresse trial site
from W12 x 36 to W12 x 40.

¢c. FPront wvall

¥ = 3.60 from Step 7; increase trial size
from W14 x 78 to W14 x 84.
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Summaty: Ths mamber siszes to be used in a computer analyeis arve

as follows:
Member Size
1 W12 x 40
2 W14 x 61
3 V14 x 84
1.1 Design of Doors for Pressure-Time loading.

Problem 7: Design a steel-plate blast door subjected to a
pressure-time loading.

Procedure:
Step 1. Establish the design parametercs
a. Pressure-time load

b. Design criteria, Viax and e_.x for a

reusable or non-reusable structure
(Section 2.3.3)

c. Structural configuration of the door
{acluding geometry and support conditiocns

d. Properties of steel used:

Minimum yield streungth, Py. for door
components

Dynamic incresse factor, ¢ (Table 2.})

Step 2. Select the thickness of the plate.

Step 3. Calcuiate the elastic section modulus, S,
and the plastic ssction wodulus, Z, of the
plate.

Step 4. Calculate the design plastic wowent,

N, of tha plate (Equatiom 3.2).

F
”
wr
.

Coupute the ultimate dyoamic shasar, Vp
{Equation 3.11).
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Step 6. Calculste maximum support shear, V, using a
dynaaic 1load factor of 1.0 and determine Vlvp.

If VIVp is leas then 0.67, use the plastic
design moment as computed in Step & (Section
J.4.3).

L3 1f V/Vp is greater than 0.67, use Squation 3.18
3 to calculate the effective Hp.

Step ?. Calculate the ultimate unit resistance of the
section (Table 5-5 of TH 5-1300), using the
equivalent plastic moment as obtafned {n
Step 4 and a dynamic load factor of 1.9.

Step 8. Determine the moment of inertfa of the rlate
section.

Step 9. Compute the equivalent elastic unit stif fness,
Kg, of the plate section (Table 3.1).

Step 10. Calculate the equivalent elastic defleceion,
Xg. of the plate as giwvi 3 by g = ruixﬁ.

Step 11. Determine the load-mass factor Ky ard coampute
the effective unit mass, m,.

Step 12. Compute the natural periocd of vibratiom, Tx»
(Equation 1.10).

Step 131. Detereine the doer responme uaing the valuesr of
B!ru and T/Ty wvith Figure 6-7 of T 5-1300 or
Pigure 3.3 to determine the values of Xa/Xg and 8.

Compare with design criterta of Step 1. 1If
these requirements sre not satiefied, select
another thicknes. and repeat Steps 2 to 13.

Step 14. Deaisn supporting flexural element considering
composite action with the plate.

Step 15. Calculate elastic and plastic section wmoduls
of the combined section.

= f Step 16. Foliow the desisn procedure for a flexuvasl
. element as described tn Section 7.1.




Exsmple 7: Design of a Llast door for pressure-time loading.

Required: Design a reusable double-leaf door (6'-0" x 8'-0") for
the given pressure-time loading.

Step 1. Given:
s. Pressure-time loading (FPigure 7.6)
b. Design criteria: maximum ductfility ratio,
Ugay ® 5, maximus end rotation, o - 20,
vhichever goverus (Section 2.3.3)
¢. Structural configuration (Figure 7.6)
y i NOTE: This type of door configuration 1s
] E suitable for low-pressure raange
applications (5 to 15 psi).
d. Steel used: A36
Yield strength, F, « 36 kai {Section 2.2.1)
Dynamic increase factor, ¢ = 1.1 ({Table 2.}1)

Heace., the dynamic vield strength,

gy = 1.1 = 36 = 39.6 kai {Egquation 2.1)

and the dvnamic yield styess in shear,
i °; Fgy = 0.55F,,
“ 0.35 x 39.6 = ¢1.78 kmi (Equation 2.2)

Step 2. Assume a plate thickaess of 3/8 fnch.

jo - 3 Step 3. Determine the elsstic snd plastic sectico
1 "1 wodull (per unit width).
'_‘”;~ s e bal e i x (5/8)2

;5 6 6

- €.515 x 1072 tad/tn

zebd? 1 x (5/8)°
‘ -

-
. -
- 9.765 x 10 tad/1n
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Figure 7.6 Uover cenfiguration and leading, Example 7,

Step 4. Calculate the desiga plastic moment. M,.
W, - ?6,(5 + M2 {Equation 3.2)
- 39.6{¢6.515 x 10°%)
+ (9.765 x W H )z
“ 32.6 x 8.14 x 1073
® 3.225 fe-k/in

Step 5. Calculate the dymsmic ultimste shesar capacicy,
Vp, for a l-foch widtk,

v {tquation 3.11}

o~ Favhy
@ 21.78 x § x 5/8 = 13.6! kips/in

[



Step 6. Evaluate the support shear and check the plate
capacity. Assume DLF = 1.0,

] Ve DLP xBxL/2%1.0x4.8x36x1
3 3 2

o 266.4 lba/in = 0.2666 kip/in

ViV = 0,.2664/13.6) = 0.019S8 < (.67
s (Section 1.4.3)

No reduction in equivalent plastic moment ia
necessatry .

NOTE: Whon actual DLP is determined,
reccasider Step 6.

Step 7. Calculate the ultimate unit resistance, r,,
(assuming the plate to be simply-supported
at bath ends).

-

T, = 84, /L? (Table 3.1)

* 8 x 3.225 x 103 = 15.92 pst
(36)°

step 8. Cowpyte the wmoment of inertia, I, for a
I-tech width.

T =bdd ez (5/6)3 = 002035 in“Fin
12 12
Step 9. (alculate the equivalent e¢lastic stiffaese, K.
kg = M8ET/ %L’ (Table L.1)

- 4 x 29 x 10°% z 0203y
S x i ox (36)¢

w 27.0 pailin

Deteoermive the oquivalent elastic deflection, \

;

v
Lad
3
-
e

!s - ruiﬁg » 19.92f/27.0 « 0,73)8 inch

e}




Step 11. Calculate the effactive mass of eclemet.
a. Kpy (average elastic arnd plastic)
= (0.79 + 0.66)/2 = 0,725
b. Uait msss of element, =

m=wfg=5/8x1x1 x4%90 x 106
1,728 x 32.2 x 12

« 455.0 psi-msl/in

c. Effective unit mass of element, n,

(Section 6.6,
™ 5-1300)

m, = K &= 0.725 x 458.0
= 332 psi-ns?/n
Step 12. Calculate the nstural pericd of vibration, Ty.
Ty = 27/332/27.G = 22.05 us
Step 13. Determine the door responze.
Peak overpressure B = 14.8 psi
Peak resistance r = 17.92 psi
Duration T~ 13.0 ms
Natural period of vibration Ty = 22,05 ms
B/r, = 14.8/19.92 = 0.743
T/Ty = 13.0/22.05 = 0.59
From Figure 6-7, TM 5-1300,

X‘/XE <1, so it satisfies the ductility
ratio criterion

Since the response is elastic, determine the
DLF from Figure 3.3,

DLF = 1.3 for T/Ty = 0.59
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Step l4.
b
p i.f Step 15.

Hence, X = 1.3 x 14.8 x 0.738 = 0.713 inch
19.92

tan 8 = X, /(L/2) = 0.713/(36/2) = 0.039%6

6 = 2,270 > 2° N.G.

Since the rotation criteriou is not satisfied,
change the thickness of the plate and repeat
the procedure. Repeating these calculations,
it cau be shown that a 3/4~inch plate satisfies
the requirements.

Design of the supporting flexural element.

Assume an angle L4 x 3 x 1/2 and attached to
the plate as shown in Figure 7.7.

Determine the effective width of plate which
acts 1n conjunction with the angle

be/2t, < 8.5 (Section 3.3.4)
where be/2 1s the half width of the outstanding
flange or overhang and tgy 18 the thickness of
thie plate.

With t¢ = 3/4 inch,

bf/2 < 8.5 x 3/4, {.e., 6.38 inches

Use an overhang of 6 inches.

Hence, the effective width = 6 + 2 = B inches.

The angle together with plate is shown in
Figure 7.7.

Calculate the elastic and plastic section
moduli of the combined section,

Let ; be the distance of c.g. of the combined
section from the outside edge of the plate as
showvn in Figure 7.7, therefore

y = (8 x 3/4 x 3/8) + (4 + 3/4 -~ 1.33) x 3.25
(8 x 3/4) + 3,25

= 1,445 inches
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-~.”~_._____w__4__4_4____ly,

/4"

< L4x3xl1/2

1"

Figure 7,7 uJetail of composite angle/plate
supporting element, Example 7.

Let y_ be the diatance to the N.A. of the
conbiged section for full plasticity.

yp = 1 [(8 x 3/4) + 3.25] = 0.578 inch
8x 2

I = 8x (3/6)3 + 8x 3/4 x (1.445 - 3/8)2
12

+5.05 + 3.25(6 + 3/4 - 1.33 - 1.445)2
- 24,881 1n®
"é;,tf Hence, S 4 = 24.881/(4.75 - 1.445)
] = 7.54 in3
Z = 8(0.578)2/2 + 8(0.75 - 0.578)2/2

o + 3.25(4.75 - 0.937 - 0.578)

= 11.97 in3
. Step 16. Calculate the design plastic mowent HP of the
s i supporting flexural element.
S M, = 39.6(7.54 + 11.97)/2 (Equation 3.2}

= J84.5 in-kips
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Calculate the uitimate dynamic shear
capacity, Vp.

‘ ' Vp = Py Ay (Equation 3.11)
;;.~;‘; - 21.78(4.0 - 1/2)1/2
= 38.1 kips

Calculate support shear and check shear
capacity.

L= 8'-0" =« 96 inches
V= (14.8 x 36/2 x 96)/2 = 12,790 lbs

= 12.79 kips < V, O.K.
(Section 3.3.3)

Calculate the ultimate unit resistance, LA

Assuning the angle to be simply supported at
both ends:

-;{’T 3 ry = 8M,/12 (Table 3.1)
| = (8 x 384.5 x 1,000)/(96)2

= 333.5 1lbs/in
Calculate the unit elastic stiffness, Kg.
Ky = 384E1/5L% (Table 3.1)

= 384 x 29 x 10° x 24.881 = 652.5 1bs/in?
5 x (96)%

: f;:'i Determine the equivalent elastic deflection, Xg.
Xp = r,/Rg ~ 369.5/652.5 = 0.566 inch

Calculate the effective mass of the element.
Ky = 0.725

we=11.1+ 3 x 18 x 490 = (0.925 + 3.825)
12 & 1,728

= 4,750 1bs/in
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Effective unit mass of element,

aq = 0.725 x 4.75 x 106
32.2 x 12

] - 0.891 x 10% 1bs-ms2/in?

E , ;_? Calculate the natural peried of vibration, Ty.

Ty = 20J(89.1 x 10%)/793 = 21.1 ms

Determine the response parameters.
(Figure 6-7,
™ 5-1300)

Peak overpressure B = 14.8 x 36/2

266.5 1bs/1in

Peak resistance r, = 333.5 1bs/in
Durat {on T=13.0 ms
Natural period of vibration, Ty = 21.1 ns
B/x, = 266.5/333.5 = 0.799
T/Ty = 13/21.1 = 0.616
From Figure 6-7, TM 5-1300,
W= Xg/Xp = 1.1 < 3 0.K.
Xp = 1.1 x 0.566 = 0.622 in
tan 8 = X /(L/2) = 0.622/48 = 013
8 = 0.75° < 1° O.K.
Check stresses at the connecting point.
o = My/I = 384.5 x 103 x (1.445 - 0,75)/24.881
= 10,740 pai

T = VQ/Ib
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. 12.79 x 10° x 8 x 3/4 x (1.445 - 0.75/2)
24.881 x 1/2

= 5,321 psi

Effective stress at the section = 02 + 12

« 103 x [10.742 + 5.321%
= 103/143.75
= 11,980 psi < 36,000 pst 0.K,

7.8 Design of Doubly-Symmetric Beams Subjected to Inclined
Pressure-Time Loading

Problem 1: Design a purlin or girt as a flexural member which
is subjected to a transverse pressure-time load
acting in a plane other than a principal plane.

Procedure:

Step 1. Establish the design parameters,
&, Pressure~-time load (T™ 5-1300, Chapter 4)

b. Angle of inclination of the load with
respect to the vertical axis of the gection

c. Design criteria, Hpax and emax for a re-
usable or non-reusable structure (Section
2.3.3)

d. Member spacing, b

e. Type and properties of steel used:

Minimum yield strength for the section
(Section 2.2.1)

Dynamic increase factor, c (Table 2.1)
Step 2. Preliminary sizing of the beam.
a. Determine the equivalent static load, w,

using the following preliminary dynamic
load factors:
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Step 3.

Step 4.

Step 5.

Step 6.

Step 7.

Step 8.
Step 9.

Step 10.

Step 11.

DLF = 1.0 for reusable structure
= (0.8 for non-reusable structure
weDFxpxb

b. Using the appropriate resistance formula
from Table 3.1 and the equivalent static
load derived in Step 2a, determine the
required Hp

¢. Determine the required section properties
using Equation 3.2. Select a larger section
since the meamber is subjected to unsym-
metrical bending.

Note that for a load inclination of 10°,

it is necessary to increase the regquired

average section modulus, (1/2)(S + 2), by
40 percent.

Check local buckling of the member (Section
3.3.4).

Calculate the inclination of the neutral axis
(Equation 3.19).

Calculate the elastic and plastic section
moduli of the section (Equation 3.20).

Compute the design plastic moment, Mp.
(Equation 3.2),

Calculate ultimate unit resistance, r,, of
the member.

Calculate elastic deflection, & (Figure 3.4).

Determine the equivalent elastic unit stiffness,
Kg, of the beam section using & from Step 8.

Compute the equivalent elastic deflection, Xg,
of the member as given by Xp = ru/KE.

Determine the load-mass factor, Kpy, and obtain
the effective unit mass, m,, or the element.
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Step 12,

Evaluate the natural period of vibratiom, Ty,

(Equation 3.10).

Step 13.

Determine the dynamic response of the beanm.

- Evaluate B/r, and T/TN, and use Pigure 6-7 of
S TM 5-1300 or Figure 3.3 to obtain X,/Xj and 6.
- Compare with criteria.

Step 14.

Determine the ultimate dynamic shear capacity,

i V., (BEquation 3.11) and maximum support shear,
4 Ve using Table 3.3 and check adequacy.

Example R:

Required:

Design an I-shaped beam for unsymmetrical bending
due to inclined pressure-time loading.

Design a reusable, simply-supported I-shaped beam
subjected to a pressure-time loading acting at an
angle of 10° with respect to the principal vertical
plane of the beanm.

3 Step 1. Given:

;- a. Pressure-time loading (Figure 7.8)

! b. Design criteria: maximum ductility

3 ratio = 1.5, maximum end rotation = 1°,

5 whichever governs (Section 3.5)

: c. Structural configuration (Figure 7.8)
d. Steel used: A36

Yield strength, F_ = 36 ksi

(Section 2.2.1)

Dynamic increase factor, c = 1.1
(Table 2.1)

Dynamic yield strength, F,_ = 1.1 x 36

d
« 19.6 kai (Equation 2.1)°)

Dynamic yielding stress in shear,

Foo ™ O.SSFdy = 0,55 x 39,6 = 21.78 kai
(Equation 2.2)

Modulus of elasticity, F = 29,000 ksi
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19-0"

TRANSVERSE

— LOAD
L3 w = 4.8psf (exciuding beam .
e weight) X
( aniown
Spacing: b = 4.5 ¢=10°
T §§ 4.5 psi
A
[72]
d
@
a
Mg 20ms

a'
b.
C.

Figure 7.8 Beam configuration & loading, Exampie 8,

iminary sizing of the member.
Determine equivalent static load.
DLF = 1.0 (Section 3.3.2)
we 1lx4.5x4.5x 144/1,000
= 2,92 k/ft
Deteraine minimur required Hp

M, = (WL2)/8 = (2.92 x 19%)/8
(Table 3.1)

e 132 k-ft
Selection of a member.
For a load acting in the plane of the web,

(S +2) = 2 /P, = (2 x 132 x 12)/39.6
*/Fay (Equation 3.2)
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Step 3.

Step 4.

(S + Z) = 80 {n3

(S + 2) required = 1.4 x 80 = 112 1n2

Try Wlé x 38, Sy = 54.7 03, Z_= 61.6 1n3

(S + 2) = 116.3 1n3, I, = 386 in®

Iy

= 26.6 in%

Check against local buckling.

For W14 x 38, d = 14.12 inches,

t, = 0.313
teg = 0.513

So, d/t, =

inch, by, = 6.776 inches, and
f

inch.

14.12/0.313

45.2 < 412(1 - 1.4 x P)

Y36

68.66 O.K.

Py

(Equation 3.12)

6.6776/(2 x 0.513)

6.5 < 8.5

O‘K.

(Section 3.3.4)

Inclination of elastic and plastic neutral
axes with respect to the x-axis.

tan a = (lely)tan ¢

= (384/26.6) %~an 10°

= 2.545

a = 68,

50

(Equation 3.19)

Calculate the equivalent elastic section

modulus.

S = (sty)/(sycouo + S sine¢)

S, = S4.

7 1n3. Sy
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Sin 10° = 0.174, cos 10° = 0.985
S » (54.7)(7.86)/(7.86 x 0,985 + 54./ x 0,174)
- 24.9 1nd
Step 5. Calculate the plastic section wmodulus, Z.
Z = Am + Ay (Equation 3.20)
Ac = A, = A/2 = 11.2/2 = 5.6 1n?
Let y be the distance of the c.g. of the

area of cross-section in compression from
origin as shown in Figure 7.9.

TRANSVERSE LOAD

) y
w
!j X
o «
| 3 ' Elastic and Plastic
‘ ol_ l Neutral Axis
1 T r [ 1 Through the Centroid
L]

03
, 6776"

Figure 7.9 loading on beam section, Example 3,

y = 1[6.776 x 0.513 x (14.12 - 0.513)

.
Py - . Py

5.6 2 2
+ 1(14.12 - 2 x 0.513) x 0.313

2
x 1(14.12 - 0.510))

2 12

® 5.42 {faches
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Step 6.

Step 7.

w ==, *ysina = 5.42 ain 68930’
= 5.05 inches

Ze2Am = 11.2 x 5.05 = 56.5 1n3

Deteraine design plastic moment, Hp.

M, = Fy (S + 2)/2 = 39.6(26.9 + 56.5)/2
y (Equation 3.2)

= 39,6 x 40.7 = 1,612 in-kips
Calculate uvltimate unit resistance, r,.
- 2
. BHP/L (Table 3.1)
= (8)(1,612)(1,000)/(19 x 12)2
= 248 1ba/in
Compute elastic deflection, 6.
o[22 4 £2
$ f(ax + Gy)

6y - hcougLI‘
3&6811

(Section 1.5)

O
[ ]

x Su:ingL‘
38681.’

v = equivalent static load + dead load

2.92 + (4.8 x 4.5) + 38 uips/ft
1,000

2.94 kipe/fr

1/2
[ (wainel?)2 + (Swcoserd)?]
3BAEL, IBAEL,

O
L]

1/2
- st [(0.652)2 + (0.256)2)
38, 400E

2.084 iaches

1i»




Step 9. Calculate the equivalent elastic unit
sciffnese, K.

Kp = w/é « 2,964 x 1,000 x 1
12 x 2.085

(Get w from Step 8)
- 117.8 1bs/in?

Step 10. Determine the equivalent elastic deflection,
xEo

g Xg = r /K, (Equation 5-52,
4 u'le ™ 5-1300)

« 248/117.8 = 2.11 faches

Step 11. Calculate the effective mess of the element,
't'

8. Lload-mass factor, KL” (Table 6-1,
™ >-1300)

Ky (sverage elastic and plastic)
= (0.79 ¢+ 0.66)/2 =« 0.225
b. Unit wass of element, v

w - vig = [(4.5x%4.8) + 38) x 10"
2.2 % 12 » 12

« 1.286 x 16% 1be-us?/1n?
c. Effective uoit mase of element, =z,

(Section 6-6,
™ 5-1300)

® = Ky = 0.725 x 1.286 x 10°
° 0.932 ¥ 10% 1bg-wa/ind
Srep Li. Calculete the natural period of vibraties. Ty-
Ty = 20,(93.2 x 10D)/117.5
(Equation 3.10;




Step 13.

Seep 33,

. 2¢/93.2/1.178

e 20/79.1 « 55.8 o8
Determine the beam respounse.
Pesk overpressure Bed4.5x4.5x12

= 243 lbs/tn
Peak resistance r, ® 248 1bsfin
Duration Te2 ns
Hatural period of vibratfoa, Ty = 55.8 ms
B/r, = 243/248 = 0.98
T/Ty = 20/55.8 = 0.358
Prow Fi{gure 6~7, ™ 5-1300,
Xa/Xg = 1 0.K.
X, = 7.11 iaches
Find end votation, 9.
tan ¢ = X /(L/2) = 2.23/[C19 x 12)/2)
- 0.0185
@ = 1.069 * | .0° oK.

Calculate the dvaamic ultimate sheav capacity,
Vo, and check for sdeguacy.

¥o ® Faul, = <3.78(16.12 - 2 x 0.513){0.113)
« §9.2 kips {Eguation 3.1})
DLP = 1/(8/ir,) = 1/0.98 = 1.02
Vedif a8 xbxi
» Y e2 x 3% % 4.9 % 19w 2L&EF(2 x 1.980)

- 2B.26 kips <« 89.2 kxips ¢ Vo OLK.
{Table Y.3;
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APPENDIX A

MOMENT AND DEFLECTION COEFFICIENT CHARTS
FOR UNIFORMLY-LOADED, TWO-WAY PLATE ELEMENTS

Charts are presented here for use in determining the
elasto-plastic resistances, stiffnesses and deflections for
uniformly~loaded two-way elements., The charts are to be used in
conjunction with Figures S-14 through 5-19 in Chapter 5 of
™ 5-1300, "Structures to Resist the Effects of Accidental
Explosions™.

Figures A.l1, A.2 and A.3 are for two-way elements with
various support conditions on two adjacent edges with the remain-
ing two edges free. Figure A.4 is for two-way elements with three
edges fixed and one edge free, and updates and replaces Figure
5-14 of TM 5-1300., Figure A.5 is for two-way elements with two
opposite edges fixed, one edge simply supported and one edge free,
and is the complement of Figure 5-15. Figure A.6 is for elements
with all edges fixed and replaces Figure 5-17 of TM 5-1300.

The use of these charts 1s detailed in Sections 5~13 and
5~14 of T™ 5-1300. Although they were developed for particular
values of Poisson's ratio, the charts can be employed with neg-
ligible error, for either steel plates (v equal to 0.3) or con-
crete slabs (v range from 0.15 to 0.25).

The symbols used in these charts are defined below:

D = flexural rigidity per unit width (1b.in.%/in.)

H = height or width of plate (in.)

L = length of plate (in.)

M = moment per unit width (1b.in./in.)

r = resistance per unit area (psi)

X = transverse deflection (in.)

£y = moment coefficient for negative moment at point 1
Sv(max) = moment coefficient for maximum positive vertical moment
ﬁu(max) = moment coefficient for maximum positive horizontal moment

y{ = deflection coefficient for point i

Poisson's ratio

<
.
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In the process of eatablishing the resistance functions
for two-way elements with Figures A.1, A.2 and A.3, it may be
found that the final resistance, as determined by using the pro-
cedures deacribed in Chapter 5 of TM 5-1300, exceeds the total
resistance, Ry, given by Table 5-6 in TM 5-1300. In this event,
the elasto-plastic resistance diagram should be iimited to reach
its maximun resistance at R,. This correction will not intro-
duce any significant error into the bilinear resistance function
developed from the elasto-plastic diagram.

Figures A.1 through A.5 are based upon finite element
analyses and show good agreement with closed form solutions where
such comparisons are possible. It appears, however, that the
positive moment capacities as determined from Figures A.1 to A.3
are somevhat high as evidenced by the necessary slight adjustment
described in the preceding paragraph. Overall, the charts pro-
vide necessary and sufficiently accurate data and should be em-
ployed ia design until more refined results are developed.
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Figure A.1 Moment and deflection coefficients for uniformly-
loaded, two-way element with two adjacent edyes
fixed and two edges free.
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APPENDIX B
L1IST OF SYMROLS
Area ol crosas-sectfion “nz)
Area o! bracing member (1n2)
-

Area of cross-section in compression (in”)
Area of crosa-section in temsion (in*)

2
Web area (in”)
Peak pressure ot equivalent triangular loading
tunction, {(psi) {when used with ru). or peak total
blast lead ib) {when used with Ru]
Width of tributarv loaded arca (tt)
Flange width {(in.)
Tributary width tor horizontal leoading (ft)
Tributary widrh for vertical loading (ft)

Dynanic fincrease factor

Distance from neutral axis to extreow fiber of crous-
esection in flexure €in.)

Coaeflticlents indicating relative column fo givder
moment capacity (Section 5.2.1)

Bendtag coofficient defdned in Section }1.5.1.4.4a3 of
the AISC Spectification

«oluzn alendernesk ratio indicating the transition
from elz (ic te inclastic buckling

Cocfficients  applted to the bending terms (n inter-
action formula (RISC Ipecificatieon Section 1.6.1)

Coefficient tn approximate expression for sidesway
atiffness farter (Yable 5.3,

Ceoetifcient indicaring relative givder (o roalumn
stiiineas (Tahle 5.3

e
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- LIST OF SYMBols tcont.)
DLF Dynamic load iactor
d Web depth (in.)
NI E Young's modulus ol clastectey (prt;
K ¥ Maximui: bendiod stiees (st
: Fa Axial streas permilied In the abmence o3 cepiirg,
e 3 moment (psi)
Fb Bending strews pertttie? o Lhe gosénce ol gxi.g.
torce (pst)
¥ Web buesitng stre s (pat)
cr
. F, Magimum Jvnamic hatn §tTess lor copnecttons (3s°)
- <
Fév Dynamic vield. v shiear scress Lpsi)
de Dynanic vield - fress (psi)
3 ;x. ! Euler buckling stresnes Jivided ty safery tactor (pav)
[N
F“ MHorizontal coxponent 1 force (0 bracing sember {in)
ES Allowab, e stattec deatyn tur connections
¥ tatle vied wlrens oF vield Strength
v
* -
R arceleration due e gravite (30,0 ttfaec )
i M sgorw hetgbt grel
1 h Moo depld Lo oenjd Lormed, Light Zage steel panci
: sections {in.?
3 3 “i
' ' i Mement ! jaevt by (i
. : Average colundt msosert of (nertia for single-story
k- 3 (g .
' nulzi-bav frame (inv:
i 1fertive gomwat of inevtia for ~nld farmed ecz3:-n
- At 2 mervice sttess of o0 bed {ind)
: tguivalent clastis mament of (nertia for enlé-farmed
e

steel panels {ia*:
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LIST OF SYMBOLS (Cont.)
Moment of inertia about the x-axis (ina)
Moment of inertia about the y-axis (ink)
Effective length factor for a compression member
Horizontal stifiness of diagonal bracing (1b/f+®
Equivalent elastic stiffness (1b/ft)
Load factor
Load-mass factor
Mass factor
Span length (ft)
Frame bay width (ft)
Slenderness ratio
Actual unbraced lergth in the plane of bending (in.)
Critical unbraced length (in,)
Available mouwent capacity {Equation 3.18)
Total effective mass (lb~m32/1n)

Moments about the x-and y-axis that can be resisted
by member in the abserce of axial load

Design plastic moment capacity
Design plastic moment capacicies (Figure 3.2)

Plagtic bending moment capacities about the x- and
Y=axes

Ultimate dynamic moment capacity

Ultimate positive moment capacity for unit width of
panel

Ultimate negative moment capacity for unit width of
panel
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L1ST OF SYMBOLS (Conmt.)

{i_ 3 Nv Moment 'corresponding to first yield

m Number of braced baya in multi-bay frame

m Unit mass (psi—mszlin)

me Effective unit mass (psi—mszli;)

M1 Distance from plastic neutral axis to the centroid of
the area in compression, in a fully-plastic section
(in.)

m, Distance from plastic neutral axis to the centroid of

the area in tension in a fully plastic section (in.)

N Bearin; leagth at support for cold-formed steel panel
(in.)

n Number of bays in multi-bay frame

p Applied compressive load {1k)

pex’Pcv Euler buckling loads about the x- and y-axes

Ultimate capacity for dynamic axial load, Ade(lb)

Py Ultimate capacity for static axial locad AFy(lb)

'ff Ph Reflected blast pressure on front wall (psi)

;; Pv Blast overpressure on roof (pai)

"E Qu Ultimate support capacity (1b)
.»‘!. qp Peak horizontal load on frame (1b/ft)
- q, Peak vertical load on frame (lb/ft)

?f R Equivalent total horizontal static load on frame (1b)
{ﬁ R, Ultimate total flexural resistance (1b)
& k Ty Radius of gyration of bracing member (in.)

B nT Radius of gyration, Equation 3.16 (in.)

192
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L1ST OF SYMBOLS (Cont.)
Ultimate flexural unit resistance (psi)
Radii of gyration about the x- and y-axes (in)

Required resistance for elastic behavior in rebound
(psi)

Flastic section modulus (1n3)
Elastic section modulus about the x~-axis (in3)
Elastic section modulus about the y-axis (in3)

Effective section modulus of cold-formed section for
positive moments (1n3)

Effertive section modulus of cold-formed section for
negative moments (in3)

Load duration (sec)

Natural perfod of vibration (sec)
Thickness of plate element (in)
Flange thickness (in)

Time to maximum response (sec)
Web thickness (in)

Support shear (1b)

Ultimate shear capacity (1b)
Total weight (1b)

Total concentrated load (1b)
External work Zlb-in)

Internal work (1b-in)

Flat width of plate element (in)

Load per unit area (psi)
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ST LISY OF SYMBOLS (Cont.)

PR
€

Load per unit length (1lb/ft)

‘}» Xl Deflection at maximum resistance (Figure 3.8(c))
- X Equivalent elastic deflection (in.)
Xn Maximum deflection (in.)
X, Ultimate deflection {(in.)
Z Plastic section modulus (inB)
Zx.Zy Plastic section moduli about the x-and y-axes (1n3)
a ‘ Angle between the horizontal principal plane of the

cross-section and the neutral axis (deg.)

a Ratio of horizontal to vertical lcading on a frame

] Bage fixity factor (Table 5.3)

8 Support condition coefficient (Section 3.7.2)

Y Angle between bracing member and a horizontal plane
(deg.)

8 Te+tal transverse elastic deflection (in.)

§ Lateral (sidesway) deflection (in.)

£ Strain (In./in.)

Scrain rate (iu./in./sec)

] ‘ember enr -otation (Section 2.3.2)

] Plastic hirgc rotation

emax Maximum permitted member end rotation

! Ductility ratio

u Maximum permitted ductility ratio

max

¢ Angle between the plane of the load and the vertical

principal plane of the cross-section (dep.)

ty
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LIST OF SYMBOLS (Cont.)

¢ Beam curvature corresponding to development of design
plastic moment capacity

¢ Beam curvatutre corresponding to development of My
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APPENDIX C
TYPICAL DETAILS FOR BLAST~-RESISTANT STRUCTURES

This appendix presents severalk examples of typical framing
connections, structural details and blast doors used in industrial
installations designed to resist accidental blast locdings.

Such buildin, 3 are often rectangular in plan, two or three
bays wide and four or more bavs long. Filgure C.1 shows an example
of a typical framing plan for a single-story building designed to
resist a pressure-time blast loading impinging on the structure
at an angle with respect to its main axes. The structural system
congists of an orthogonal network of rigid frames, The girders
of the frames running parallel to the building length serve also
as purlins and are placed, for ease of erection, on top of the
frames spanning across the structure's width.

Figures C.2 to C.5 present typical framing details re-
lated to the general layout of Figure C.1. As a rule, the columns
are fabricated without splices, the plate covers and connection
plates are shop welded to the columns, and all girder to column
connections are field bolted. A channel 1s welded on top of the
frame girders to cover the bolted comnections and prevent (avoid)
interference with the roof decking. All of the framing connec-
tions are designed to wminimize stress concentrations and to avoid
triaxial strains., They combine ductility with ease of fabrication.

Figure C.o shows typical cross-sections of cold-formed,
light page steel panels ccmmonly used in industrial installations.
The closed sections, which are composed of a corrugated hat sec-
tion and a flat sheet, are used to resist blast pressures in the
low to intermediate pressure range, whereas the open hat section
i8 recomnended only for verv low pressure situations as sidine or
roofing material. A typical vertical section illustrates the
attachment of the steel paneling to the supporting members. Of
particular interest is the detail at the corner between the ex-
terior wall and the roof, which is desipned to prevent peeling of
the decking that may be caused by negative pressures at the roof
edge.,

Figure C.7 gives some typical arrangements of welded con-
nections for attaching cold-formed steel panels to their support-
ing elements., Type A refers to an intermediate support whereas
Type B refera to an end support. 1Tt is recommended that the di-
ameter of puddle welda be 3/4 of an inch minimum and should not
exceed 1-1/2 inches because of space limitations in the panel
valleys. For deeper panels, it {s often necessarv to provide
two rows of puddle welds at the intermedfate supports in order to
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resist the uvplift forces in rebound., It should be noted that
welds close to the hooked edge of the panel are recommended to
prevent lifting of adjacent panels.

Figure C,8 shows an arrangement of bolted connections for
the attachment of cold-formed steel panels to the structural
framing. The bolted connection consists of the following: a
threaded stud resistance welded to the supporting member, a
square steel block with a concentric hold used as a spacer and
a washer and nut for fastening, Figure C,9 presents a cross-
sectlon of that connection with all the relevant detafls along
with information pertaining to puddle welds.

Figures C.10and C.11 show details of blast doors, Figure
C.10 presents a single-leaf door installed in a steel structure,
The design is typical of doors intended to resist relatively low
pressure levels. It is interesting to note that the door is
furnigshed with its tubing frame to insure proper fabrication and
to provide adequate stiffness during erection. In the case of
Figure C.1l1 the double-leaf door with its frame is installed in
place and attached to the concrete structure, In both figures
details of hinges, latches, anchors and panic hardware are il-
lustrated. It should be noted that the pins at the panic latch
ends are made of aluminum in order to eliminate the danger of
sparking, a hazard in ammunition facilities, which might arise
from steel-on-steel striking.
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